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ΠΕΡΙΛΗΨΗ 
Το 72% της επιφάνειας της γης καλύπτεται με νερό από το οποίο το 97% είναι 
θαλασσινό νερό. Περίπου τα 2/3 του παγκόσμιου πληθυσμού κατοικεί κοντά στις 
ακτές. Όσων αφορά τα μορφολογικά χαρακτηριστικά, οι παραλίες είναι ασταθείς και 
άμμος μετακινείται συνεχώς εξαιτίας του κύματος, των ρευμάτων και του ανέμου. Για 
τους παραπάνω λόγους οι παράκτιες ζώνες είναι πολύ σημαντικό κομμάτι για τη κάθε 
περιοχή. Η κυματική δραστηριότητα και η μετακίνηση άμμου  στην παράκτια ζώνη 
είναι επίσης σημαντικά όσων αφορά δραστηριότητες μηχανικού όπως η διάβρωση και 
η πρόσχωση υλικού περιμετρικά από κατασκευές όπως κυματοθραύστες και πάρκα με 
ανεμογεννήτριες. Επίσης η κυματική δραστηριότητα είναι σημαντική όσων αφορά την 
μορφολογία της παράκτιας ζώνης και την κατά-μήκος και κατά-πλάτος μετακίνηση 
άμμου.  
Τα τελευταία 30 χρόνια υπήρξαν σημαντικές εξελίξεις στην έρευνα της παράκτιας 
μετακίνησης άμμου, όπως για παράδειγμα εξελίξεις στα αριθμητικά μοντέλα που 
υπολογίζουν μετακίνηση άμμου στα οποία ο ρυθμός μετακίνησης, ο άνεμος και η ροή 
περιγράφονται με λεπτομέρειες. Επίσης, παράμετροι όπως το μέγεθος του κόκκου και 
η μορφολογία του εδάφους είναι σημαντικοί. Επιπρόσθετα, η συνύπαρξη της κατά-
μήκους και κατά-πλάτους μετακίνησης άμμου κατέχει σημαντικό ρόλο στους 
υπολογισμούς. Το MIKE 21 by DHI είναι μια μηχανή προσομοίωσης για μοντέλα 
παράκτιας ζώνης και υπολογίζει τις φυσικές διεργασίες στις περιοχές αυτές. 
Ο σκοπός αυτής της διπλωματικής εργασίας είναι η μελέτη υπεράκτιων εμποδίων-
κατασκευών στο τοπικό ισοζύγιο άμμου – σε όλη την έκταση του αιολικού πάρκου και 
τοπικά περιμετρικά από κάθε πυλώνα – χρησιμοποιώντας το μοντέλο MIKE 21 Sand 
Transport του λογισμικού MIKE 21 Coupled model FM by DHI. Η μελέτη 
πραγματοποιείται σε ένα αιολικό πάρκο κάτω από την επίδραση 3 διαφορετικών 
καταστάσεων θάλασσας (3 σενάρια). Οι 3 διαφορετικές καταστάσεις θάλασσας είναι 
αποτέλεσμα στατιστικής ανάλυσης 34 ετών. Συγκεκριμένα, τα 3 σενάρια είναι: η πιο 
συνήθη κατάσταση θάλασσας (σενάριο 1), το μέγιστο σημαντικό ύψος κύματος με την 
περίοδο και την διεύθυνση κύματος που παρατηρήθηκε (σενάριο 2) και η μέγιστη 
περίοδος κύματος με το σημαντικό ύψος κύματος και την περίοδο που παρατηρήθηκε 
(σενάριο 3). Η εξεταζόμενη περιοχή είναι στην βόρειο δυτική Ελλάδα, στο Ιόνιο 
πέλαγος, κοντά στην Κέρκυρα. Βόρεια της Κέρκυρας υπάρχει ένα σύμπλεγμα νησιών 
που αποτελείτε από 3 νησιά, τους Οθωνούς, το Μαθράκι και την Ερεικούσσα. Το 
αιολικό πάρκο βρίσκεται ανάμεσα στους Οθωνούς και στο Μαθράκι.  
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ABSTRACT 
The 72% of the earth surface is covered by water, from which the 97% is salty water. 
About 2/3 of the world’s population lives near coasts. Beaches are unstable as regards 
morphological characteristics and sand migrates constantly due to the wave action, 
near-shore currents and wind. Taking into account the above observations, it is clear 
that coastal zones is a very important factor for the local administration. Flow and 
sediment transport in the coastal zone are important in relation to several engineering 
topics like sedimentation, or erosion and accretion around structures like breakwaters 
and windmills or dredged channels, changes in shore morphology and long- and cross-
shore sediment rates.  
During the last thirty years, there were significant developments in coastal sediment 
transport research, as e.g. developments of sophisticated numerical models in which the 
sediment transport rates, the wind, the waves as well as the flow are described in details. 
The study of the coastal hydrodynamics and the basic sediment transport mechanisms 
are the most important aspects for the construction of a mathematical model for 
sediment transport in coastal areas. Furthermore, parameters such as grain size and bed 
morphology are also important. In addition, the coexistence of cross-shore and long-
shore sediment transport, have a significant role in the morphological computations. 
MIKE 21 by MIKE by DHI is a simulation program for coastal modelling if it is needed 
a simulation of physical processes in marine and coastal areas.  
The purpose of the current Thesis is to assess the impacts of offshore artificial barriers 
to the local sediment’s equilibrium – over the wind park and locally around specific 
piles – using the MIKE 21 Sand Transport module from MIKE 21 Coupled model FM 
by DHI. The research takes place in a wind park under 3 different scenarios (sea state 
intensity). The 3 different sea state intensity is a result of a 34 years wave data analysis. 
More specifically the 3 scenarios are: the most usual sea state (scenario 1), the Peak 
Significant wave Height with the corresponding Peak Wave Period and Mean Wave 
Direction (scenario 2), and the Peak Wave Period with the corresponding Significant 
Wave Height and Mean Wave Direction (scenario 3). The examined area is located at 
the north-west Greece, Ionian Sea, near Corfu Island. North from Corfu there is an 
island complex constituted from 3 islands, Othonoi, Mathraki and Ereikousa. The site 
is located between Othonoi and Mathraki islands.  
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CHAPTER 1 
BEACH MORPHOLOGY, PERIODIC PHENOMENA AND SEDIMENTS 
 
1.1 Periodical Phenomena That Take Place at Coastal Environment  
The periodic increase and decrease of the sea level is important for the coastal areas. 
These periodic changes can be categorized according to their characteristics and 
abilities. Svedsen and Johnson (1982) categorize these phenomena according to their 
oscillation characteristics as it can be seen in Table 1. [2], [24], [26], [28] 
Table 1: Characteristics and Abilities of Periodic Phenomena 
Type of phenomenon- 
wave type 
Natural mechanism Period of phenomenon 
Wind waves 
swells 
Wind affection 
Wind waves affection 
< 15s 
< 30s 
Surf beat 
Seiche 
Tsunamis 
Wave-groups 
Change of the wind 
Earthquakes 
1-5 min 
2-40 min 
10 min-2 h 
Tides 
 
 
 
 
storms 
Combined effects of 
gravitational forces exerted 
by the Moon, Sun, and 
rotation of the Earth. 
 
Wind effects and changes in 
atmospheric pressure 
12-24h 
 
 
 
 
 1-30 days  
 
For the definition of the hydrodynamics fundamentals at the coastal areas, used the 
coordinate system O(x, y and z). The beginning of the system is at the mean sea level, 
the x and y axis are horizontals. The direction of x axis is shoreward while the direction 
of y axis is parallel with the shore. The direction of z-axis is opposite the gravity force 
direction. The maximum depth limit, ℎ𝑔𝑔, for the coastal zone is equal to 20-30 m 
shoreward, while the mean depth is less than this limit. The bed effect exists when the 
depth is less than the half of the wave length, according to the following relation: 
ℎ ≤ ℎ𝑔𝑔 = 𝜆𝜆 2�  
where λ is the wave length 
The sea environment is a region where plenty of wave phenomena take place. The main 
types of ocean waves are the following: 
 surface waves 
 internal waves 
 inertial or gyroscopic waves 
 planetary or Rossby waves 
 tides 
 hydroacoustic waves 
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In Figure 1 the spectrum of various types of ocean waves is depicted with respect to 
wave period or frequency. 
 
Figure 1: Spectrum of Various Types of Ocean Waves [6] 
From Figure 1 it can be seen that there are more than one types of surface waves and 
their characteristics depend on their generation mechanism. These types are the 
following: 
 Wind waves and swells, characterized by wave periods ranging from T=1sec to 
T=20sec. 
 Body generated waves from artificial objects into the sea, where correspond to 
the same almost periods as the wind waves and swells. 
 Surf beat, seiches and shelf waves, which are created by harbors or basins shelf-
oscillation and correspond to periods from T=1min to T=40min. 
 Earthquake induced waves, called tsunamis which corresponds to periods from 
T=5min to T=2h. 
In contrast to these wave types, there are also waves with small periods. This type of 
waves are called capillary waves, and the corresponding period range is from T=0.05sec 
to T=1sec. It is evident that the energy level of capillary waves is much smaller than 
the corresponding one of the wind waves. [6], [23] 
 
1.2 Ocean Currents – General   
Ocean currents are another factor that affects the coastal environment and morphology. 
An ocean current is a continuous, directed movement of seawater generated by forces 
acting upon its mean flow such as the following: 
 breaking waves 
 wind 
 the Coriolis effect  
 temperature 
 salinity differences  
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Currents normally move in a specific direction. As the ocean currents have the ability 
to flow for great distances they effect the world climate. Ocean currents are found all 
over the globe and vary in size, importance and strength. Some important currents are 
the California and Humboldt currents in the Pacific Ocean, the Gulf Stream and 
Labrador Current in the Atlantic Ocean, and the Indian Monsoon Current in the Indian 
Ocean. There are seventeen major surface currents in the world’s oceans. [3], [6] 
 
1.2.1 Current Types 
Ocean currents differ in type regardless their varying size and strength. There are 2 
different types of currents depending on their flow depth as follows: 
 surface currents (depth < 400 m) 
 deep water currents (depth > 400 m) 
Surface currents caused by the wind due to the created friction over the water surface. 
This surface friction forces the water to move in a spiral pattern creating gyres. Gyres 
are moving clockwise in the northern hemisphere and counter-clockwise in the 
southern. Their speed decreases as the depth is decreasing and the greatest velocities 
can be observed in the upper 100 m of the ocean depth. Many factors affect the surface 
currents such as the Coriolis forces and the gravity. In areas where the water is warmer 
than the land or where two different currents converge the gravity pushes the water 
downward and creates surface currents. In Figure 2 it can be seen the gyres where exists 
in the oceans. [19] 
 
Figure 2: Ocean Gyres [6] 
Deep water current, also known thermohaline circulation, consists the majority of the 
world currents. Almost 90% of the total currents are deep water currents. Like surface 
currents, gravity plays a significant role in their creation but in contrast to them, they 
are created due to the water density differences. Thermohaline circulation is known as 
the Global Conveyor Belt because its circulation of warm and cold water acts as a 
submarine river and flows water throughout the ocean.  
A factor that affects both of currents is the topography of the sea bed. The shape of the 
ocean’s basin is a physical barrier for the currents flows and causes blending between 
water and currents. [19] 
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In Figure 3, the interaction between warm and cold currents is depicted. 
 
Figure 3: Interaction between Warm and Cold Currents [6] 
 
1.3 General Beach Morphology 
Beaches throughout the world show wide variations in sediment compositions and grain 
sizes. The shores are constituted of:  
 quartz  
 heavy minerals (black-sand)  
 volcanic material (high concentration in basalt) 
 calcium carbonate grains 
The grain size diameter differs from geographic region to region and ranging from some 
millimeters to many. At the shores there are a lot of mechanism where configure the 
morphology of the beach and moderates the sediment budget. 
The anthropogenic activity affects in a significant way the sedimentation and the final 
coastal morphology. Constructions such as dams or artificial breakwaters and small 
docks have a significant effect on the coastal environment. 
Beaches are usually defined as a wave-deposited accumulation of sediment (sand, 
gravel, cobble and boulders) located at the shoreline. Beaches extend from the mean 
low-tide line to a physiographic change such as a sea cliff or dune field or to the point 
where permanent vegetation is established. The underwater portion of the environment 
is the most important portion because all the important processes of waves and sediment 
transport take place, which are ultimately responsible for the final morphology of the 
beach. [1], [13] 
The terminology used to describe the action of waves and currents in the nearshore 
depicted in Figure 4 and Figure 5. The nearshore zone extends from the shoreline to 
just beyond the region in which the waves break. The region which is extended beyond 
the nearshore zone to the edge of the continental shelf is the offshore zone. The same 
term it can be used for the definition of the water and waves seaward to the nearshore 
zone. [1], [13] 
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Figure 4: Beach System [6] 
 
Figure 5: Nearshore Action of Waves and Currents [13] 
The nearshore zone is divided into three different zones. The breaker zone is the portion 
of the nearshore region in which the waves arriving from the offshore become unstable 
and break. With uniform waves, such as these where can be created in a laboratory tank, 
the zone may be reduced to a breaker line. The zone which is alternatively covered by 
the run-up of the wave smash and exposed by the backwash is called the swash zone. 
The swash zone is the most inside zone of the littoral zone. Between the swash zone 
and the breaker zone is the surf zone. [1], [13] 
Surf zone is the most dynamic part of the beach and is the portion of the nearshore 
region in which bore-like waves occur following wave breaking. Waves break when 
the water depth is approximately 1.5 times the wave height. Surf zone currents can 
transport sediment onshore, longshore and offshore and build the (sand) bars and 
troughs that occupy the surf zone. The presence and width of the surf zone is primarily 
a function of the beach slope and secondarily depends on the tidal stage. Beaches of 
low slope, are characterized by wide surf zone. On the other hand, cobble and steeply 
19 
SKARLAS PANAGIOTIS 
NATIONAL TECHNICAL UNIVERSITY OF ATHENS 
M.SC. MARINE TECHNOLOGY AND SCIENCE 
M.Sc. THESIS                                                                                 IMPACT ASSESSMENT OF OFFSHORE ARTIFICIAL BARRIERS TO THE 
                                                                                                        SEDIMENTS EQUILIBRIUM USING MIKE 21/3 COUPLED MODEL FM 
 
 
sloping gravel beaches rarely possess a surf zone. Sloping beaches commonly lack a 
surf zone at high tide, but develops a surf zone at low tide. [1], [13] 
 
1.4 Composition of Beach Sediments 
All beaches and sea beds consist of sediment, ranging in size from sand to cobbles and 
boulders. In the mid latitudes most beaches are composed of siliceous or quartz sand 
grains derived from erosion. In the tropic areas, coral reef detritus and shells known as 
'carbonate sediment' tend to dominate, while in higher latitudes physical weathering 
produces coarse rock fragments and gravel. [26] 
 
1.5 Sediment Grain Size 
Table 2 presents the classification of sediment particles according to their grain 
diameters. The distribution in diameters of grains found within a beach generally are 
determined by sieving, while the diameters of pebbles and larger particles are measured 
individually with a caliper (Blatt, Middleton and Murray, 1972). Statistics such as the 
mean or median grain size and the standard deviation are calculated from the measured 
distributions of particle diameters. [13] 
Another method is the sizes expression in terms of their velocities, usually measured in 
the laboratory by having them settle through a column of water. Particles in beach 
sediments vary from more than a meter for boulders to less than 0.1 mm for very fine 
sand grains. [13] 
Table 2: Sediment Particles  Classification 
 Diameter 
Size terminology millimeters φ units 
Boulders >256 > -8 
Cobbles 64 to 256 -6 to -8 
Pebbles 4 to 64 -2 to -6 
Granule 1 to 2 0 to -1 
Very coarse sand 0.5 to 1 1 to 0 
Medium sand 0.25 to 0.5 2 to 1 
Fine sand 0.125 to 0.25 3 to 2 
Very fine sand 0.0625 to 0.125 4 to 3 
silt 0.0039 to 0.0626 8 to 4 
 
The φ scale is related to the diameter D in millimeters by 𝐷𝐷 = 1 2⁄ 𝜑𝜑 
The mean grain size of beach sediments is controlled by three factors: 
 The sediment source 
 The wave-energy level 
 The general offshore slope upon which the beach is constructed. 
The local environment selects the grain sizes which are appropriate for its unique 
conditions. [13] 
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The offshore slope upon which the beaches are formed is important. Because of high 
slope and the high wave energy even coarse sand can be maintained in suspension. 
Bagnold (1963) suggested a quantitative relationship between slope, wave energy level 
and the smallest size of grains that remains on the beach or the sea bed. This relationship 
is called ‘autosuspension’  and might be the controlling factor  for the fact that grains 
of a certain size and finer become permanently raised above the bed into suspension. 
The settling velocity of grains 𝑤𝑤𝑠𝑠 is related to the beach slope S and to the horizontal 
orbital velocity under waves, u, as follows: 
𝑤𝑤𝑠𝑠 = 𝑢𝑢𝑢𝑢 = 𝜋𝜋𝐻𝐻𝑢𝑢𝑇𝑇  
Taking into consideration the mathematical relation, the orbital velocity is proportional 
to the height of the waves and is inversely proportional to the wave period. Easily is 
concerned that the greater the wave height or bottom slope, the larger the maximum 
settling velocity of the sediment grains that would remain permanently in suspension. 
[1], [13] 
Another estimation with enough similarities with Bagnold’s, has derived by Dean 
(1973, 1983). Dean has been considering the hypothesis in which the fall time of 
suspended material is greater than the wave period, then that material will remain 
suspended and probably carried beyond the surf zone. According to Dean, the 
calculation is applied as follows: 
 
𝑤𝑤𝑠𝑠 = 𝑢𝑢𝑢𝑢 = 𝛿𝛿𝐻𝐻𝑇𝑇  
where δ is fraction of the water depth. [1], [13] 
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CHAPTER 2 
SEDIMENT TRANSPORT 
 
 
2.1 General 
 
Sediment transport is the movement of solid particles known as sediments, usually due 
to a combination of gravity forces acting on the sediment, and/or the movement of 
the fluid in which the sediment is going to entrain. Sediment transport occurs in natural 
systems where the particles are clastic rocks like sand, gravel, boulders, etc. and mud, 
or clay. The fluid in air, water, or ice and the force of gravity acts to move the particles 
along the sloping surface on which they are resting. Sediment transport due to fluid 
motion occurs in rivers, oceans, lakes, and seas due to currents and tides. Furthermore, 
sediment transport caused by glaciers as they flow, and on terrestrial surfaces under the 
influence of wind. Sediment transport due only to gravity can occur on sloping surfaces 
in general, including hillslopes, scarps and cliffs. Knowledge of sediment transport is 
most often used to determine whether erosion or accretion will occur, the magnitude of 
this erosion or accretion, and the time and distance over which it will occur. [9], [13] 
 
2.2 Sediment Transport Modes and Properties 
It is common to divide the sediment transport in three parts: 
 Bed load 
 Wash load 
 Suspended load 
 
Firstly the bed load is defined as the part of the total load that is in almost continuous 
contact with the bed during the transport. This type of transport primarily includes 
grains that roll, slide, or jump along the bed. The bed load must be determined almost 
exclusively by the effective bed shear acting directly on the sand surface. [9] 
 
The second part of sediment transport is the wash load. Wash load consists of very fine 
particles which are transported by the water and which normally are not represented in 
the bed. In the case that the bed material composition is known, it is not necessary that 
the rate of wash load transport will be predicted easily. This term is neglected in lot of 
cases. Wash load is carried within the water column as part of the flow and as a 
consequence moves with the velocity of main stream. The wash load concentrations are 
approximately uniform in the water column. [6], [9]  
 
Suspended load transport is the third part of the sediment transport. It is that part of the 
total load that is moving without continuous contact with the sea bed. This effect is a 
result of the fluid turbulence agitation. Suspended load is carried in the lower to middle 
parts of the flow and moves at a large fraction of the mean flow velocity in the stream. 
[6], [9] 
 
Figure 6 presents the difference between the suspended load and bed load transport. 
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Figure 6: Difference between Suspended Load and Bed Load [6] 
The transported sediment across a bed usually contains particles from gravel to sand or 
very small fractions-fine fractions. The very fine fractions are carried in the transport 
as the wash load part. The particles of sediment which is studied is considered as non-
cohesive and its diameter corresponds from 0.06mm to 2mm for the sand and for gravel 
from 2mm to 20mm. From a hydraulic view the most significant sediment properties 
are related to size, shape and specific gravity. [6] 
 
The specific gravity 𝛾𝛾𝑠𝑠 of the grains is the parameter which corresponds to the smallest 
variation under the natural conditions. The ratio 
 
𝑠𝑠 = 𝛾𝛾𝑠𝑠/𝛾𝛾 
 
where γ indicates the specific gravity of water at 4℃ is called relative density. 
 
The settling velocity or fall velocity 𝑤𝑤𝑠𝑠 of a grain is defined as the final velocity attained 
when the grain is falling in an extended fluid under the action of gravity. [9] 
The settling velocity depends on several parameters such as the grain size, the specific 
gravity, the shape of grain and fluid’s dynamic viscosity. Fall velocity is defined 
according to the next equation: 
𝑤𝑤𝑠𝑠 = �4(𝑠𝑠 − 1)𝑔𝑔𝑔𝑔3𝑐𝑐𝐷𝐷  
where 𝑐𝑐𝐷𝐷 is the drag coefficient, d is the particles diameter and g the gravity. 
 
2.3 Shield’s Parameter – Critical Bed Shear Stress 
In the case that the bed is covered by cohesionless grains, very small flow velocities 
over the bed don’t have the ability to move them. When the flow velocity becomes large 
enough, the driving forces of the flow where effect on the sediment particles will 
overcome the stabilizing forces and the particles will start to move. This kind of flow 
velocity is called the critical flow velocity. The flow creates a pair of forces, lifting 
forces and horizontal forces as follows:  
 The horizontal drag 𝐹𝐹𝐷𝐷 which consists of skin friction acting on the surface of 
the grain and form drag due to a pressure difference on the upstream and 
downstream sides of the grain because of the flow separation. Drag force is 
known as: 
23 
SKARLAS PANAGIOTIS 
NATIONAL TECHNICAL UNIVERSITY OF ATHENS 
M.SC. MARINE TECHNOLOGY AND SCIENCE 
M.Sc. THESIS                                                                                 IMPACT ASSESSMENT OF OFFSHORE ARTIFICIAL BARRIERS TO THE 
                                                                                                        SEDIMENTS EQUILIBRIUM USING MIKE 21/3 COUPLED MODEL FM 
 
 
𝐹𝐹𝐷𝐷 = 12𝜌𝜌𝑐𝑐𝐷𝐷 𝜋𝜋4 𝑔𝑔2𝑈𝑈2 
where U is the velocity near the bed  
 
 The lifting force 𝐹𝐹𝐿𝐿 is also created by the flow. Is created due to the curvature 
of the streamlines which locally will decrease the pressure to be lower than the 
hydrostatic pressure at the top of the grains. Also, the flow separation creates a 
positive lift force on the grains. [6], [9], [13] 
The driving forces according to the coexistence of the horizontal forces and the 
lifting forces are defined as: 
𝐹𝐹𝐷𝐷 = 12𝜌𝜌𝑐𝑐𝐷𝐷 𝜋𝜋4 𝑔𝑔2𝑈𝑈2(𝑎𝑎𝑈𝑈𝑓𝑓′)2 
Where 𝑈𝑈𝑓𝑓′ is the friction velocity due to the friction acting on the bed surface, while α 
and 𝑐𝑐𝐷𝐷 are non-dimensional coefficients. [6], [9], [13] 
 
The stabilizing forces can be defined as frictional forces acting on a particle. For a non-
moving particle resting in the bed is: 
𝐹𝐹𝑠𝑠 = 𝜌𝜌𝑔𝑔(𝑠𝑠 − 1)𝜋𝜋6 𝑔𝑔3𝜇𝜇𝑠𝑠 = 𝑊𝑊𝜇𝜇𝑠𝑠 
where W is the submerged weight of the particle and 𝜇𝜇𝑠𝑠 the measure for the 
maximum friction between the grain and the surrounding grains. 
 
Shield in 1936 defines the ability of the particle that can remain resting on the bed 
without moving as long as the driving forces are smaller than the stabilizing forces. 
This means that the particle will stay still as long as 𝑈𝑈𝑓𝑓′ is smaller than𝑈𝑈𝑓𝑓𝑐𝑐. The previous 
ability is called the critical Shield’s parameter and it yields as: 
𝜃𝜃𝑐𝑐 = 𝑈𝑈𝑓𝑓𝑐𝑐2(𝑠𝑠 − 1)𝑔𝑔𝑔𝑔 
 
The presence of bed forms such as ripples and sand – waves are very important for the 
description of suspended sediment transport. These bed forms are generally washed out 
at large Shield’s parameter, large shear stress, and the bed becomes almost plane. This 
process is very important because the main part of the sediment transport takes place 
under large shear stress. Figure 7 depicts the forces acting on grains over the bed. [6], 
[9], [13], [22] 
 
Figure 7: Forces acting on the Bed Grains [6]  
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CHAPTER 3 
MIKE 21 SAND TRANSPORT – MATHEMATICAL BACKGROUND 
 
3.1 General Information 
Prior the simulation different parameters and definitions of the physical quantities as 
the sediment transport should be defined. Jansen et al (1979), defined sediment 
transport as a combination of three different modes of transport: bed load, sediment 
load and wash load. 
 Bed load transport is defined as the transport of the bed material that is rolling 
and sliding along the seabed. 
 Wash load is defined as the transport of the material that is finer than the bed 
material. 
 Suspended load transport is defined as the transport of the material that is 
suspended in the fluid for some time, and maybe belongs to the bed load or wash 
load.   
Grain diameter is the divided criterion between bed material load and wash load. A 
grain diameter of 0.06 mm is the limit from the wash load region to bed material load 
region. MIKE 21 Flow Model FM, Sand Transport Module only considers the bed 
material load. Suspended and bed load transport are calculated from an appropriate 
engine by which the different aspects between the two different kinds of transport are 
considered. [12], [15] 
 
3.2 Model Type 
A significant aspect that should be considered is related to the sediment transport rates 
calculation. MIKE 21 Coupled Model FM, Sand Transport Module allows user to select 
between two different types of modes for the sediment transport rates calculation. The 
two selections are the following:  
 The pure current mode  
  The combined current and wave mode  
In this Thesis the combined current/wave mode is used. Sand transport in a flow takes 
place near the bed, even the part of the sand transport that takes place as suspended 
load. The sand transport calculations are based on the area’s hydrodynamic conditions, 
sediment properties and wave conditions.  Furthermore, calculations carried out using 
a mean horizontal velocity component, assuming that the vertical velocity profile to be 
logarithmic. In MIKE 21 Flow Model FM, the velocity component is set to the depth-
averaged velocity from the pre-executed hydrodynamic module. [15] 
 
3.3 Combined wave and current mode 
In this Thesis the selected sand transport mode is the combined current and wave mode. 
Sediment transport rates was derived by an engine using linear interpolation and found 
in a sediment transport table. The table is generated by MIKE 21 Toolbox Utility 
program-engine named “Generation of Q3D Sediment Tables”. The core of this utility 
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program is a quasi-three dimensional sediment transport model (STPQ3D) and 
calculates instantaneous and time-averaged hydrodynamics and sediment transport in 
two horizontal directions (x and y direction). The calculated values that are contained 
to the sediment transport tables are total loads. [15] 
From a general view, the basic computation of the STPQ3D program is the solution of 
the force balance, τ, across the water column, from which the time-averaged flow 
velocity 𝑈𝑈 is found by integration. [15] 
 𝜏𝜏 = 𝜌𝜌𝑣𝑣𝑡𝑡 �𝜕𝜕𝑈𝑈𝜕𝜕𝜕𝜕 � 
 
3.4 Hydrodynamic flow conditions that affect Sand Transport 
Prior the sediment transport calculations the hydrodynamic flow conditions should be 
calculated. The main aspects are following: 
 Mean flow 
 Wave motion 
 Bottom boundary layer 
 Turbulence – Eddy viscosity 
 Shear stress 
 Ripples 
 
3.4.1 Mean flow 
For a two-dimensional flow the value of mean horizontal velocity component is defined 
as the depth-averaged current velocity. The time averaged-flow velocity distribution is 
calculated from the vertical distribution of the driving forces and the mean eddy 
viscosity.  
By integrating the equation 𝜏𝜏 = 𝜌𝜌𝑣𝑣𝑡𝑡 �𝜕𝜕𝑈𝑈𝜕𝜕𝜕𝜕� and by using no slip condition at the seabed, 
the mean velocity profile is extracted. This calculation includes the interaction of the 
undertow, the longshore current and the waves and the energy discharge in the surface 
rollers. [15] 
 
3.4.2 Wave motion 
The second aspect of the hydrodynamic flow conditions is the type of wave motion. 
There are two types of waves: 
 Regular waves  
 Irregular waves  
For regular waves the motion is defined through a number of general wave parameters 
such as wave height H, wave period T and angle of incidence a. For irregular waves, 
the wave motion defined through wave height Hrms, wave period Tz and angle of 
incidence MWD. In this Thesis irregular waves are considered. [15] 
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There are 3 parameters that affect the wave motion: 
 Near bed orbital velocities – near sea bed condition 
 Mass transport 
 Surface roller area 
 
3.4.2.1 Near – bed orbital velocities and Near – sea bed condition 
Outside the bottom boundary layer of the flow, the wave motion can be calculated by a 
number of wave theories, classical as well as semi-empirical, considering the problem. 
In the model there is a number of existing wave theories, but no one of them covers all 
the hydrodynamic conditions satisfactory.  
The classic and non-linear theories are: 
 Stokes theory 1st, 3rd, 5th order (1985) 
 Cnoidal theory 1st, 3rd, 5th order (1990) 
 Vocoidal theory (1982) 
Classic theories are for non-breaking waves and each one of them is appropriate for 
deep, shallow and all water situations. Using a non-linear wave theory is important to 
resolve higher order velocity moments (skewness, asymmetry) which is important for 
sediment transport. [15] 
On the other hand, the semi-empirical theories are the followings: 
 Isobe and Horikawa (1982), for all water depths and both breaking and non-
breaking waves [11] 
 Doering and Bowen (1995), for all water depths and both breaking and non-
breaking waves [5] 
For both kinds of wave theories the terms “shallow” and “deep” water refer to Ursell’s 
number: 
𝑈𝑈𝑠𝑠 = 𝐻𝐻𝐻𝐻2𝐷𝐷3  
where H is the wave height, L is the wave length and D is the water depth. 
For Us< 25 corresponds the deep water while shallow water corresponds for Us>25. 
Regardless the water depth it is desirable to use a linear wave theory and for that 
purpose model provides an option. 
The different near-bed velocity u0 for the five different wave theories are depicted in 
Diagram 1. A general pattern is observed for the most of the theories except the 1st order 
of Stokes theory which presents different results. [15] 
The selected wave theory in this Thesis is the 5th order Stokes theory. 
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Diagram 1: Wave Theories [15] 
 
3.4.2.2 Mass Transport 
The wave motion affected by the mass flux. For progressive waves a net mass transport-
drift occurs between the wave through and the wave crest. The mass flux is calculated 
from the applied wave theory. For the semi-empirical theories that mentioned before, 
the mass flux is estimated by using linear wave theory, as no descriptions for mass flux 
exists for these theories. [15] 
 
3.4.2.3 Surface roller area 
In case of wave breaking a big amount of energy is converted to turbulence and as a 
result a surface roller wave is presented at the water surface area. The roller 
phenomenon, is calculated according to the model of Dally and Brown (1995), in which 
the surface roller area, A, is related to the energy dissipation through: 
𝜌𝜌𝐴𝐴 = 𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠
𝛽𝛽𝑑𝑑
 
Where  
Diss is the dissipation of wave energy through breaking  
βd is an empirical constant between 0.1 and 0.2 
βd is an input parameter to the model and its default value is defined to 0.15 (Deigaard, 
1986). The equation is valid for regular and irregular waves. [4], [15] 
In this Thesis the wave breaking does not taking into consideration due to the average 
depth of the examined area. The altitude of the shallower point is -24 m lower the sea 
surface, thus the wave breaking does not occurs. 
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3.4.3 Bottom boundary layer 
The third aspect of the hydrodynamic flow conditions is the boundary layer behavior 
and is described by Fredsoe’s (1984) following 1st order differential equation. This 
equation is solved by the application of the fourth-order Runge-Kutta method over the 
wave period. [10] 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
= 𝜕𝜕(1 + 𝜕𝜕 − 𝑒𝑒𝜕𝜕)
𝑒𝑒𝜕𝜕(𝜕𝜕 − 1) + 1 1𝑈𝑈0 𝑔𝑔𝑈𝑈0𝑔𝑔𝜕𝜕 + 30𝜅𝜅𝑘𝑘 �𝜅𝜅2𝑈𝑈02 + 𝜕𝜕2𝑈𝑈𝑓𝑓02 + 2𝜅𝜅𝜕𝜕𝑈𝑈𝑓𝑓0𝑈𝑈0 cos 𝛾𝛾𝑒𝑒𝜕𝜕(𝜕𝜕 − 1) + 1  
Where  
κ is Von Karman constant 
t is time  
z is parameter related to boundary layer thickness δ 
U0 is the near bed wave orbital velocity 
Uf0 is the friction velocity due to the current inside the wave boundary layer 
γ is the angle between the current and the waves 
d50 is the median grain size 
k is the bed roughness (2.5d50 for a plane bed, 2.5d50+kr for a bed with ripples. 
The velocity near the bed, i.e. U0 is induced by the wave varies in time and is calculated 
according to U0(t)=U(0,t). [15] 
Boundary layer thickness δ, is calculated for every time step according to 
𝛿𝛿 = 𝑘𝑘30 (𝑒𝑒𝜕𝜕 − 1) 
3.4.4 Turbulence-eddy viscosity 
The effect of breaking wave creates turbulence across the water column in vertical 
direction. Three different contributions that affect the turbulence are the followings: 
 the wave boundary layer 
 the energy dissipation due to wave breaking 
 the mean flow 
The 3 turbulence contributions are calculated independently from each other and the 
total instantaneous eddy viscosity is calculated by summing them at the energy level 
according to: 
𝑣𝑣𝑡𝑡
2 = 𝑣𝑣𝑏𝑏𝑏𝑏2 + 𝑣𝑣𝑐𝑐2 + 𝑣𝑣𝑏𝑏𝑏𝑏2  
Where  
vbl is the bottom layer eddy viscosity 
vc the eddy viscosity which is caused by the mean current 
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vbr the eddy viscosity due to the wave breaking. 
In this Thesis the wave breaking does not taking into consideration due to the great 
average depth of the examined area, thus eddy viscosity does not occurs. [15] 
3.4.5 Shear stress 
Another significant aspect of the hydrodynamic flow conditions is the total shear stress 
in the flow that causes the driving forces of mean flow. The 3 contributions in this case 
are the followings:  
 the shear stress associated with wave breaking 
 the shear stress due to gradients in the water surface 
 the time-averaged shear stress associated with the wave motion 
An illustration of vertical distribution of mean shear stress is depicted in Diagram 2. 
 
Diagram 2: Vertical Distribution of Mean Shear Stress [15] 
 
3.4.5.1 Radiation stresses  
The first shear stress contribution is associated with the wave breaking and causes 
radiation stresses across the flow. The shear stress is constant over the water column 
and in the wave direction it yields: 
𝜏𝜏
𝜌𝜌
≈ −
𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠
𝑐𝑐
 
Where  
c is the wave celerity and Diss is the time-averaged wave dissipation due to 
wave breaking. [15] 
In this Thesis the wave breaking does not taking into consideration due to the average 
depth of the examined area. The altitude of the shallower point is -24 m lower the sea 
surface, thus the wave breaking does not occurs. 
 
3.4.5.2 Water level gradients 
Regarding the surface water level condition, it is known that the shear stress at the water 
surface is zero, due to the gradients and varies linearly through the water column. [15] 
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3.4.5.3 Wave motion 
The last contribution is about the wave motion. Hydrodynamic flow conditions are 
affected by the kind of wave motion, i.e. asymmetric or progressive. [15] 
In case of an asymmetric wave, orbital motion a mean bed shear stress will rise in the 
wave direction. For the previous reason a small additional velocity is added to the wave 
motion such that the mean bed shear stress becomes zero. [15] 
In case of progressive waves, a small net shear stress is generated because of the non-
uniformity of the wave boundary layer according to the following expression (Broker 
1985): 
𝜏𝜏𝑠𝑠𝑡𝑡𝑏𝑏 = 𝜌𝜌𝑐𝑐 𝑈𝑈0𝑈𝑈𝑓𝑓�𝑈𝑈𝑓𝑓� 
 
3.4.6 Ripples effect 
The last aspect that affects the hydrodynamic flow conditions is the ripples existence. 
If the value of the Shield’s parameter θmax is less than 1, there is a ripple generation 
process that take place.  
𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑈𝑈𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚2(𝑠𝑠 − 1)𝑔𝑔𝑔𝑔50 < 1 
Where  
s is the relative density of the bed material. 
When current superposes the wave motion the ripples are smoothed. Ripples act as large 
roughness elements on the flow and by extension on the sediment transport. Sediment 
transport is calculated considering the following: 
 the ripple’s dimension  
 the increased roughness that caused by the ripples 
 the ripple’s contribution to the turbulence 
 the mean concentration at the level of the ripple crest 
 
3.4.6.1 Ripple’s dimension 
Ripples dimension is the first parameter which is concerned. In MIKE 21 Coupled 
model the caused effect by the combined current/wave motion is included by the 
introduction of a factor named “reduced ripple height”. The ripple’s height is estimated 
as: 
ℎ𝑏𝑏(𝑤𝑤𝑎𝑎𝑣𝑣𝑒𝑒, 𝑐𝑐𝑢𝑢𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐𝜕𝜕) = ℎ𝑏𝑏(𝑤𝑤𝑎𝑎𝑣𝑣𝑒𝑒)𝑅𝑅𝑓𝑓 �𝑈𝑈𝑓𝑓𝑐𝑐𝑈𝑈𝑓𝑓𝑓𝑓� 
Where Rf is the reduction factor 
𝑈𝑈𝑓𝑓𝑐𝑐 = 𝑉𝑉6 + 2.5 ln � 𝐷𝐷𝑘𝑘𝑏𝑏 + 2.5𝑔𝑔50� 
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and 
𝑈𝑈𝑓𝑓𝑓𝑓 = �12 𝑓𝑓𝑓𝑓𝑈𝑈𝑏𝑏𝑚𝑚2  
 
3.4.6.2 Roughness Due to Ripples 
According to Raudkivi’s equation (1988): 
𝑘𝑘𝑏𝑏 = 𝐶𝐶3ℎ𝑏𝑏2𝜆𝜆  
Where  
C3 has a by default value of 16. [15], [20] 
 
3.4.6.3 Ripple Contribution to the Turbulence 
The turbulence contribution on the flow is significant and a local situation near the bed 
must be concerned. Eddy viscosity near the bed is corrected due to the ripple according 
the empirical formulation of Nielsen (1979) as: 
𝑣𝑣𝑏𝑏𝑏𝑏(𝜕𝜕, 𝜕𝜕) = 𝑣𝑣𝑏𝑏𝑏𝑏(𝜕𝜕, 𝜕𝜕) + 𝑣𝑣𝑏𝑏(𝜕𝜕) 
where vr(z) is Nielsen’s variable. 
For 𝑦𝑦 > 2 + 𝐶𝐶4ℎ𝑏𝑏 there is not ripple effect on the eddy viscosity. 𝐶𝐶4 is an empirical 
constant and its default value is 3. [17], [18] 
 
3.5 Sediment Transport – Calculation 
When the hydrodynamic flow conditions calculation is finished the sediment transport 
module starts to calculate the different variables. Generally, sediment transport is a 
process which constitutes by two different kind of transports, i.e. the bed load transport 
and the suspended load transport. The sum of them produce the total sediment transport. 
In this chapter the process of total sediment transport is described. [15] 
The most common realistic description about the total sediment transport is the 
following and is calculated as follows: 
𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑏𝑏 + 𝑞𝑞𝑠𝑠 
where  
qb is the bed load transport 
qs is the sediment transport in suspension. 
The two different kinds of transport are calculated with a different process. The 
calculations of the bed load transport takes place according to the model of Engelund 
and Fredsoe (1976) and is calculated from the instantaneous Shield’s parameter. [7] 
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The second kind of transport, sediment transport in suspension, is studied with another 
approach than the first kind of transport. One of the most significant variables is the 
vertical variations of the suspended sediment concentration and are calculated from the 
diffusion equation by Fredsoe ae al. (1985). The suspended sediment transport is 
calculated as the product of the instantaneous flow velocities and sediment 
concentration: 
𝑞𝑞𝑠𝑠 = 1𝑇𝑇� �(𝑢𝑢𝑐𝑐)𝑔𝑔𝜕𝜕𝑔𝑔𝜕𝜕𝐷𝐷
2𝑑𝑑
𝑇𝑇
0
 
Considering a more accurate result, the integration is repeated until a periodic solution 
is obtained. [8] 
 
3.5.1 Bed load transport 
The term bed load transport describes particles in a flowing fluid that are transported 
along the bed. A deterministic approach is used for the calculation of the bed load 
transport Φb: 
𝛷𝛷𝑏𝑏 = 5𝑝𝑝�√𝜃𝜃′ − 0.7�𝜃𝜃𝑐𝑐� 
where  
p is the deterministic description of seabed concentration, 𝜃𝜃′ is the Shield’s 
parameter for a plane bed and θc its critical value. 
There are parameters that affect the bed load transport in several ways. The most 
significant parameter is the effect of sloping bed that MIKE 21 Flow Model FM is 
taking into consideration during the simulation process. [15] 
 
3.5.1.1 Effect of sloping bed 
The bed slope is consisted on both the longitudinal βL and the transverse βT slope. The 
bed load transport is influenced by the sloping of the bed. In the general case where the 
flow is at an angle ψ to the slope β, the critical Shield’s parameter is given by: 
𝜃𝜃𝑐𝑐=𝜃𝜃𝑐𝑐,0 �cos𝜓𝜓 sin𝛽𝛽 + �𝜇𝜇𝑠𝑠2 (cos𝛽𝛽)2 − (sin𝜓𝜓)2(𝑠𝑠𝐷𝐷𝑐𝑐𝛽𝛽)2𝜇𝜇𝑠𝑠 � 
where  
μs is a static friction coefficient and θc,0 is the critical Shield’s parameter for a 
plane bed. 
That equation is valid for small bed slopes, either transverse or longitudinal. [16] 
3.5.2 Suspended load transport 
The second coefficient of total sediment transport, i.e. the suspended sediment 
transport, is defined as the transport of the material that is suspended in the fluid for 
some time. Firstly, it should be defined a reference concentration of the suspended 
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transport. There are two different approaches for the reference concentration. The 
empirical and the deterministic approach. [15] 
 For an empirical description the reference concentration of the suspended load 
transport is calculated as follows: 
𝑐𝑐𝑏𝑏 = 0.331(𝜃𝜃′ − 0.045)1.751 + 0.3310.46 (𝜃𝜃′ − 0.045)1.75 
where  
𝜃𝜃′ is the Shield’s parameter determined for a plane bed. 
The empirical description is based on an assumption that the critical Shield’s 
parameter θc0 is equal to 0.045. This value is set by default in the model and 
overrules any other value. 
 On the other hand, the deterministic description of the reference bed 
concentration is given by the following equation: 
𝑐𝑐𝑏𝑏 = 0.65(1 + 1 𝜆𝜆� )3 
where λ is described as the linear concentration and is equal to:  
𝜆𝜆 = �𝜃𝜃′ − 𝜃𝜃𝑐𝑐 − 𝜋𝜋6 𝛽𝛽𝑝𝑝0.027𝑠𝑠𝜃𝜃′  
where 
𝜃𝜃′ is the critical Shield’s parameter for a plane bed and θc its critical value. The 
variable p is the probability that all the particles of a layer are moving. 
In this Thesis the deterministic description is selected regarding the selection of the 5th 
order Stokes Theory. [15] 
Furthermore, the model takes into account the possibility of ripples existence using 
another computational method compared to bed load transport. The ripple dimensional 
characteristic which have an impact in the reference concentration is ripple height. The 
ripple contribution is imported into the equation as follows: 
𝑐𝑐𝑏𝑏(𝜕𝜕) = (2𝑔𝑔50𝑐𝑐𝑏𝑏(𝜕𝜕) + 𝑐𝑐0ℎ𝑏𝑏)/(ℎ𝑏𝑏 + 2𝑔𝑔50) 
where  
hr is the ripple height 
𝑐𝑐𝑏𝑏(𝜕𝜕) is the reference concentration in case of ripple 
Moreover, two different boundary conditions for the suspended sediment concentration 
calculation are used compared to the bed load transport, i.e. the bottom and the top 
boundary conditions. Regarding that the calculation of concentration varying in time 
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and over depth, the program iterates over several wave cycles until a periodic solution 
is found. [15] 
 At the bottom an initial time-averaged bed concentration profile is defined as 
follows: 
𝑐𝑐(0) = 𝑐𝑐𝑏𝑏 
The following diffusion equation calculates the time varying concentrations: 
𝜕𝜕𝑐𝑐
𝜕𝜕𝜕𝜕
= 𝜕𝜕
𝜕𝜕𝑦𝑦
�𝜀𝜀𝑠𝑠
𝜕𝜕𝑐𝑐
𝜕𝜕𝑦𝑦
� + 𝑤𝑤 𝜕𝜕𝑐𝑐
𝜕𝜕𝑦𝑦
 
Eventually the bottom boundary condition is calculated by the instantaneous 
bed concentration: 
                   𝑐𝑐(𝐷𝐷 + 1) = 𝑐𝑐𝑏𝑏(𝐷𝐷 + 1)     at   y=0 
 At the top, the second boundary condition demands zero sediment flux through 
the water surface: 
                                      𝜀𝜀 𝜕𝜕𝑐𝑐
𝜕𝜕𝜕𝜕
+ 𝑤𝑤𝑐𝑐 = 0   at  y=D 
When the bed concentration is determined, the time-averaged concentration 
over the vertical direction is found as: 
𝑐𝑐(𝑦𝑦) = 1
𝑇𝑇
� 𝑐𝑐(𝑦𝑦, 𝜕𝜕)𝑔𝑔𝜕𝜕𝑇𝑇
0
 
Moreover, the center of concentration is important for the calculation process and is 
defined as:  𝑦𝑦𝑐𝑐 = 𝑢𝑢/𝐴𝐴  
where A is the total amount of suspended material per unit width and S is the 
first-order moment of the mean concentration profile. [16] 
Finally, the instantaneous suspended load transport in x and y directions is defined as: 
𝜑𝜑𝑚𝑚 = � 𝑈𝑈𝑚𝑚(𝜕𝜕, 𝜕𝜕)𝑐𝑐(𝜕𝜕, 𝜕𝜕)𝑔𝑔𝜕𝜕𝐷𝐷
2𝑑𝑑
 
𝜑𝜑𝜕𝜕 = � 𝑈𝑈𝜕𝜕(𝜕𝜕, 𝜕𝜕)𝑐𝑐(𝜕𝜕, 𝜕𝜕)𝑔𝑔𝜕𝜕𝐷𝐷
2𝑑𝑑
 
where U is the instantaneous resulting velocity 
Over the wave period in both directions the suspended transport is calculated as: 
𝑞𝑞𝑠𝑠𝑚𝑚 = 1𝑇𝑇�[� 𝑈𝑈𝑚𝑚(𝜕𝜕, 𝜕𝜕)𝑐𝑐(𝜕𝜕, 𝜕𝜕)𝑔𝑔𝜕𝜕]𝑔𝑔𝜕𝜕𝐷𝐷2𝑑𝑑𝑇𝑇
0
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𝑞𝑞𝑠𝑠𝜕𝜕 = 1𝑇𝑇�[� 𝑈𝑈𝜕𝜕(𝜕𝜕, 𝜕𝜕)𝑐𝑐(𝜕𝜕, 𝜕𝜕)𝑔𝑔𝜕𝜕]𝑔𝑔𝜕𝜕𝐷𝐷2𝑑𝑑𝑇𝑇
0
 
 
3.5.3 Sediment description – Bed material 
Concerning the geometrical characteristics of bed material, there is a ‘uniform’ theory 
which defines the sediment description. This description is represented through the 
median grain size, i.e. d50. [29]. 
Sediment distribution is described by a long-normal grain curve, which is calculated on 
basis of the mean grain size, d50 and the geometrical deviation, σg and is depicted in 
Diagram 3.  
 
Diagram 3: Grain Curve [16] 
The fall velocity w for any grain fraction is calculated by Rubey’s formula (1933): 
𝑤𝑤 = �𝑔𝑔(𝑠𝑠 − 1)𝑔𝑔 ��23 + 36𝑣𝑣2𝑔𝑔(𝑠𝑠 − 1)𝑔𝑔3�1/2 − � 36𝑣𝑣2𝑔𝑔(𝑠𝑠 − 1)𝑔𝑔3�1/2� 
where v is the kinematic viscosity depends on water temperature and s is the 
relative sediment viscosity [21] 
The criterion for the limiting grain size that can be brought into suspension by the flow 
is found by the following equation: 
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𝑤𝑤𝑠𝑠 ≤ 0.80𝑈𝑈𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚′  
where 
𝑈𝑈𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚′  is the maximum value of the instantaneous skin friction velocity over 
the wave period 
Furthermore, critical diameter dcrit and probability fcrit is two variables that the program 
STPQ3D takes into account for the computation. Diagram 4 presents the definition 
process of suspended sediment fractions. 
 
Diagram 4: Definition of Suspended Sediment Fractions [15] 
  
Two extra conditions are applied to the calculated values.  
 The first condition sets that the composition of the suspended sediment is 
assumed to be equal to the composition of the original bed material.  
 The second condition takes into account the sediment’s gradation and refers that 
at z=2d50 the bed concentration must be equal to the one determined on the basis 
of d50. 
𝐾𝐾𝑐𝑐𝑏𝑏 ��𝑐𝑐𝑏𝑏,𝑖𝑖𝑁𝑁
𝑖𝑖=1
𝜑𝜑𝜄𝜄� = 𝑐𝑐𝑏𝑏,50 
where 
 𝐾𝐾𝑐𝑐𝑏𝑏 is a constant and 𝑐𝑐𝑏𝑏,50 is the value of 𝑐𝑐𝑏𝑏 based on d50 
Once 𝐾𝐾𝑐𝑐𝑏𝑏 has been found, the bed concentration 𝑐𝑐𝑏𝑏 for each representative grain 
diameter di is found by: 𝑐𝑐𝑏𝑏 = 𝐾𝐾𝑐𝑐𝑏𝑏 ∗ 𝑐𝑐𝑏𝑏,𝑖𝑖 ∗ 𝜑𝜑𝜄𝜄 
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The final step is to calculate the concentration of the suspended material for each of the 
representative grain diameters 𝑐𝑐𝑖𝑖. The calculation takes place using the same equations 
as in the computation process of the bottom boundary layer in suspended sediment 
transport, with the contribution of the pre-calculate 𝑐𝑐𝑏𝑏. All the different extracted 
contributions are added without an additional weight φι. [15] 
 
3.6 Final Morphology 
The combination of the hydrodynamic and sediment transport model calculate the 
morphological model. The graded change of the bed bathymetry updates continuously 
the hydrodynamic flow field. In this Thesis the type of the model is coupled, i.e. 
combined wave/current simulation. The governing equations for flow and sediment 
transport are merged into a set of equations, which are solved simultaneously. [15] 
 
3.6.1 Sediment Continuity Equation 
The most significant parameter for determination of the bed level change is the rate of 
bed level change, i.e. 𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡
 at the element cell centers. 
This rate can be easily obtained by the Exner equation knowing as the ‘sediment 
continuity equation’, which can be written as: 
−(1 − 𝑐𝑐) 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
= 𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕
+ 𝜕𝜕𝑢𝑢
𝜕𝜕𝑦𝑦
− 𝛥𝛥𝑢𝑢 
where  
n is the bed porosity 
z is the bed level 
x, y is the horizontal Cartesian coordinates 
ΔS is the sediment source rate  
Sx is the bed load or total load transport in x direction 
Sy is the bed load or total load transport in y direction 
The sediment transport description for a combined wave/current model is always an 
equilibrium model, which means that the source term (ΔS) of the sediment continuity 
equation is always zero, unless there is a lateral sediment supply, for instance from bank 
erosion. [15]  
This Thesis bathymetry does not contain any bank or sink, thus the lateral sediment 
supply does not taking into consideration. 
 
3.6.2 Morphological Bed Update 
The bed is updated continuously through a morphological simulation at every 
hydrodynamic time step. The new bed levels are obtained with the following scheme: 
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𝜕𝜕𝑛𝑛𝑛𝑛𝑓𝑓 = 𝜕𝜕𝑜𝑜𝑏𝑏𝑑𝑑 + 11 − 𝑐𝑐 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝛥𝛥𝜕𝜕𝐻𝐻𝐷𝐷 
It is only necessary to calculate the bed load transport at the same time step as 𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡
, 
whereas the dispersion equation for the suspended sediment transport needs to be 
calculated at every time step. 
The bed load transport contributes to the bed level change rate by summing up all the 
fluxes crossing the element faces and is obtained by: 
𝜕𝜕𝑢𝑢𝑚𝑚
𝜕𝜕𝜕𝜕
+ 𝜕𝜕𝑢𝑢𝜕𝜕
𝜕𝜕𝑦𝑦
= �𝑢𝑢𝑖𝑖𝑛𝑛𝑔𝑔𝑠𝑠𝑖𝑖𝑚𝑚
𝑖𝑖=1
 
where 
 𝑢𝑢𝑖𝑖𝑛𝑛 is the normal sediment flux to the element face, m the number of faces for 
each element and 𝑔𝑔𝑠𝑠𝑖𝑖 the face length. [15] 
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CHAPTER 4 
MODEL SETUP – MIKE 21 COUPLED MODEL FM 
 
4.1 General  
MIKE 21 coupled model FM is a comprehensive modelling system for two dimensional 
water modelling developed by Danish Hydraulic Institute (DHI). FM referring to the 
type of model grid – Flexible Mesh. The modelling system has been developed for 
complex applications within oceanographic, coastal and estuarine environments. The 
Coupled Model FM series meets the increasing demand for realistic representations of 
nature, both with regard to ‘look alike’ and to its capability to model coupled processes 
e.g. coupling between currents, waves and sediments. [16]  
MIKE 21 Coupled Model FM is used for this assessment. Hydrodynamic Module (HD), 
Sand Transport Module (ST) and Spectral Wave Module (SW) have been considered 
for the coupling process.  
Many different parameters as far as the three modules are considered should be defined 
before the coupling process.  
 The unstructured grid (Flexible Mesh) 
 HD Module: water level boundaries through Mike 21 toolbox Tide prediction 
of heights 
 ST Module: Sediment Transport Tables through Mike 21 toolbox Generation 
of Q3D Sediment Tables 
 
4.2 Unstructured Grid – Flexible Mesh (FM) Production 
The Mesh Generator tool provides a work environment for creating detailed digital 
mesh for use in the MIKE Zero Flexible Mesh models. Setting up a Mesh includes 
appropriate selection of the area to be modelled, adequate resolution of the bathymetry, 
flow and wave fields under consideration and definition of codes for open and land 
boundaries. The Mesh file is an ASCII file that includes information of the geographical 
position and water depth at each node point in the Mesh. [17] 
The examined area is located to the north-western Greece, in Ionian Sea, among 
Mathraki, Ereikousa and Othonoi islands. Wave data between 1979 and 2013 are also 
available for the examined area.  
The bathymetry used in this assessment is constructed in three phases: 
1) Depth information (value on z – axis) over the examined area is provided by the 
Hellenic Center for Marine Research (HCMR). The ASCII file is an analysis result 
of ArcGIS Platform by ESRI and contains depth information for each point over a 
grid of 1440*1491 points. Five meter (5 m) distance between grid points is 
considered. The ASCII file is turned into a grid file compatible to MIKE 21 format 
through MIKE Zero toolbox. The grid file and each point depth information are 
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depicted in Figure 8. Red and green color represent points with higher altitude than 
blue color. 
 
Figure 8: Grid File in MIKE 21 Environment 
2) MIKE 21 “Mesh generator” is the tool by which the bathymetry Mesh file (Flexible 
Mesh) is constructed. First of all the boundaries of the model should be defined. 
Model boundaries consist of two types, i.e. land boundaries (closed) and open 
boundaries – where you expose conditions – (water level, flux variations or wave 
spectra). After the two types of boundaries are defined, local element resolutions 
should be considered. In this assessment high and low element resolution is 
considered around each pile and open sea, respectively. [17]  
 
Figure 9: Mesh Generation Menu 
Through the option “generate Mesh” from the “Mesh menu” the window with Mesh 
generation characteristics pops up. The maximum element area, the number of 
elements, the smallest allowable angle between elements are some of the Mesh 
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characteristics that can be defined. After the Mesh generation, the element Mesh 
should be smoothed due to some extreme values among the generated triangles. The 
smoothing process creates elements neither small nor large with allowable angles 
between their faces. In Figures 9 and 10 the Mesh Generation menu and the different 
element size around each pile and over the open sea are illustrated. 
 
Figure 10: Flexible Mesh 
 
Figure 11: Mesh Generation Interpolation menu 
3) The final step for the Flexible Mesh construction is the interpolation of the scatter 
data (grid file) to the Mesh. The scatter data addition is made from the Data menu, 
i.e. Manage Scatter Data. The interpolation between the Scatter Data and the Mesh 
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can be accomplished through the Mesh Menu Interpolation. In Figure 9 the 
interpolation menu is depicted. In order to take the water depth into consideration 
the mesh refinement is considered. The interpolation result is depicted in Figure 10. 
The element size is smaller and their density is higher near piles regardless piles 
position. To ensure that the Mesh is optimal for use in the numerical model is 
analyzed using the Mesh Analysis option. Also, through the Mesh Analysis option 
the time step constrains are calculated based on the CFL stability criteria. At last, 
from Mesh Menu -> Export Mesh, the final mesh can be exported and used in MIKE 
21 Couple Model FM. [16]. 
 
Figure 12: Final Bathymetry - Flexible Mesh 
 
4.3 Water Level Boundaries Calculation through MIKE 21 Toolbox: Tide 
Prediction of Heights 
Hydrodynamic module requires conditions on open boundaries. In that assessment 
there are 4 open boundaries that should be exposed on conditions. MIKE by DHI 
provides a tool which can predict time series based on Global Tide Model Data across 
open boundaries. The output is a time series data file which contains time series of 
heights (water level) along a line. The Global Tide data represents the major diurnal 
(K1, O1, P1 and Q1) and semidiurnal tidal constituents (M2, S2, N2 and K2) with a 
spatial resolution of 0.125 deg. * 0.125 deg. [16]  
In this assessment the used time period in order to predict tide heights for the 3 different 
scenarios is 01/01/90 00:00 until 03/01/90 00:00 (2 days). The selected time step 
interval is 2 hours. 
For each boundary at which a tidal prediction is made, the geographical position (start 
and end) and the number of points on the boundary – line must be specified. These 
information are available through the bathymetry mesh file. The differences between 
the used mesh files cause differences across the predicted time series. 
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In Group of Graphs 1 the tide prediction of heights for the most usual sea state at the 
northern boundary at 01/01/90 00:00 until 01/01/90 12:00, is depicted. The predicted 
water level is not significantly affected by the tidal change. The maximum and 
minimum values are 10 cm water level increase or decrease, respectively. Profile time 
series such as this at Group of Graphs 1 are used as boundary conditions on the model.   
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Group of Graphs 1: Profile Time Series - North Boundary Condition  
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4.4 Sediment Transport Tables Generation through Mike 21 Toolbox: 
Generation of Q3d Sediment Tables 
Sand transport module requires the generation of transport tables for the combined 
wave/current description. The transport tables generated by this tool contain sediment 
transport rates calculated under the combined effect of waves and current for variation 
of ranges for the hydrodynamic and non – cohesive sediment transport parameters. [16]  
The transport rates are calculated using the sediment transport engine STPQ3D. 
STPQ3D is an intra – wave sediment transport program that uses a description of the 
hydrodynamics and the sediment transport to calculate the total sediment transport rates 
in two perpendicular directions: longshore and cross – shore. The sediment transport 
rates are tabulated in two different ASCII files, one for the longshore and one for the 
cross – shore sediment transport. [16] 
The first step to define the sediment transport tables is to select some General 
Parameters that control the calculation of the sediment transport rates by the intra – 
wave program STPQ3D. These parameters are the follows: 
 Tolerance in calculation of concentration 
 Maximum number of wave periods 
 Steps per wave period 
 Relative density of sediment 
 Critical value of shields parameter 
 Water temperature 
In Figure 13 the selected values of General Parameters are presented. 
The next step is to define if it is needed to account for Additional Parameters as follows: 
 Ripples effect 
 Bed slope  
 Bed concentration 
 Streaming  
 Density currents  
 Centrifugal acceleration 
The selected values of Additional Parameters are presented in Figure 14. 
The third step is to select the wave theory that used to describe the time variation of the 
near – bed velocity and the value of the breaking wave parameters. The selected wave 
theory is the 5th order solution of Stokes theory. Considering the breaking wave 
parameters the selected values for Gamma 1 and Gamma 2 are 1 and 0.8, respectively. 
The last step to calculate the sediment transport tables is to define the Sediment 
Transport Table Axes, i.e. the first value, spacing and the number points for each axis 
of the table. The table includes the following parameters: 
 Wave height 
 Wave period 
 Wave height/water depth  
 Current speed  
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 Ange between current and waves 
 Grain size 
 Grading 
 Bed slope 
The selected values for the Sediment Transport Tables Axis are depicted in Figure 15. 
 
Figure 13: Sediment Transport Tables Parameters Specification 
 
Figure 14: Sediment Transport Tables Additional Parameters 
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Figure 15: Selected Values for the Sediment Transport Tables Axis 
An example of the ASCII files that used in this assessment for the longshore and cross 
– shore sediment transport is depicted in Figure 16.  
 
Figure 16: Sediment Transport Table 
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4.5 Model Set – Up  
Model Set – up and its calibration are the most significant steps of the assessment. 
MIKE 21 Coupled Model FM is used for this assessment. The following 3 modules are 
used in this Thesis: 
 Hydrodynamic Module (HD) 
 Sand Transport Module (ST) 
 Spectral Wave Module (SW)  
The common modules specifications are the bathymetry and the simulation time period. 
Each module has different parameters that should be defined. MIKE 21 Coupled Model 
FM user’s interface is depicted in Figure 17.  
 
Figure 17: MIKE 21 Coupled Model FM User's Interface 
Table 3 presents the parameters that should be defined in Hydrodynamic (HD), Sand 
Transport (ST) and Spectral Wave (SW) module.  
Table 3: HD - ST - SW Module Parameters 
Hydrodynamic Module Sand Transport Module Spectral Wave Module 
Solution Technique Model Definition Basic Equations 
Depth Time Parameters Time Parameters 
Flood and Dry Sediment Properties Spectral Discretization 
Density  Forcing Solution Technique 
Eddy Viscosity Morphology Water Level Conditions 
Bed Resistance Boundary Conditions Current Conditions 
Coriolis Forcing Outputs Wind Forcing 
Wind Forcing  Ice Coverage 
Ice Coverage  Diffraction 
Tidal Potential  Wave Breaking 
Precipitation - 
Evaporation 
 Bottom Friction 
Wave Radiation  Structures 
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Sources  Initial Conditions 
Structures  Boundary Conditions 
Initial Conditions  Outputs 
Boundary Conditions   
Decoupling   
Outputs   
 
Chapter 5, Chapter 6 and Chapter 7 presents analytically the chosen values for each 
parameter in MIKE 21 Coupled Model FM.  
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CHAPTER 5 
SCENARIO 1 – MOST USUAL SEA STATE CASE 
 
5.1 General 
The first case of this assessment is about the most usual (i.e., the mean) sea state over 
the area in which the wind farm is located. The wind farm is constituted from 12 piles. 
The characteristics that should be defined before the simulation are the Significant 
Wave Height (Hm0), the Mean Wave Direction (MWD) and the Peak Wave Period 
(Tp.). In the examined case (scenario 1) the Significant Wave Height is 0.045m, the 
Peak Wave Period equals to 2.91 sec and the Mean Wave Direction is equal to 342.74 
deg. The sea state calculation is a result of a thirty-four year (1979-2013) data analysis. 
 
5.2 Scenario 1 – Wind Farm – Simulation Characteristics   
Considering the Mean Wave Direction it is clear that the sea propagates from north-
western directions, thus the upstream area is at the north-west side of each pile and the 
downstream area is at the south-east side of each pile.  
Figure 18 illustrates the initial bed state with -28.5 m to be the maximum altitude and -
49.5 m to be the minimum altitude at the area of the wind farm. In this scenario 12 piles 
of 9 m diameter with a distance of 600 m among them have been considered.  
 
Figure 18: Initial bed state 
The specifications of the three different modules of Mike 21 (Hydrodynamic, Sand 
Transport and Spectral Waves) and the sea state characteristics are illustrated in Table 
4. The duration of simulation is 48 hours (2 days) and the time step is 10 min. (600 sec). 
Also, the number of time steps are 288. The bathymetry is created by “Mesh Generator” 
a Mike 21 tool and the sediment transport table is created by the toolbox “Generation 
of Q3D Sediment Tables”. The water level boundaries of Hydrodynamic module is 
calculated by Mike 21 toolbox “Tide Prediction of Heights”. In Figure 19 the result 12 
hours after the beginning of simulation is depicted. The bed level change in the 
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examined area of the wind farm is not great with a maximum of 0.15 cm and a minimum 
of -0.45 cm, which means that there are areas where sand left and areas where sand 
added.   
Table 4: Scenario 1 - MIKE 21 Coupled Model FM Specifications 
Parameter Value 
Simulation Period 48 hours (2 days) 
Time Step Interval 600 sec (10 min.) 
No. of Time Steps 288 
HD: Solution Technique Low order, fast algorithm 
Minimum time step: 0.001 s 
Maximum time step: 60 s 
Critical CFL number: 0.8 
HD: Density Barotropic 
HD: Eddy Viscosity Smagorinsky formulation 
Constant value: 0.28 
HD: Bed Resistance  Manning number 
Constant value: 32 m^(1/3)/s 
HD: Wind Forcing  No 
HD: Wave Radiation Wave radiation from SW simulation 
HD: Initial Surface Level  0.044 m 
HD: Water Level Boundaries 
 
North, West, South and East 
 
 
Land Boundary 
Predicted (Mike 21 toolbox: Tide prediction of 
heights) 
Include radiation stress correction, Time interval 
7200 sec, Reference value 0.044m 
Land (zero velocity) 
ST: Model Type Wave and current 
ST: Sediment Transport Table Calculated (Mike 21 Toolbox: Generation of 
Q3D Sediment Tables) 
ST: Time Parameters Start time: 24 
Time step factor: 1 
ST: Sediment Properties  Porosity: 0.4 
Grain diameter: 0.3 mm 
Grain coefficient: 1.1 
ST: Forcings Waves: Wave field from SW simulation 
ST: Morphology Max bed level change: 0.5 m/day 
Include feedback on hydrodynamic, wave and 
sand transport calculation 
Start time step: 24 
No bank erosion 
ST: Boundaries  
North, West, South and East 
Zero sediment flux gradient for outflow, zero bed 
change for inflow 
SW: Basic equations Spectral formulation: Directionally decoupled 
parametric formulation 
Time formulation: Quasi stationary formulation 
SW: Time Parameters Start time: 0 s 
SW: Spectral Discretization Directional Discretization type: 360 degree rose 
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Number of directions: 16 
SW: Solution Technique Low order, fast algorithm 
Newton-Raphson iteration 
Max. number of iterations: 500 
Tolerance (RMS-norm of residual): 0.01 
Tolerance (Max-norm of change of sign. wave 
height): 0.001m 
Relaxation Factor: 0.09 
SW: Water Level Conditions Water level variation from HD simulation 
SW: Current Conditions Current variation from HD simulation 
SW: Diffraction Smoothing factor: 1 
No. of steps: 100 
SW: Bottom Friction Nikuradse roughness, kn 
Constant value: 0.04 m 
Include effect of mean wave frequency 
SW: Initial Conditions Zero Spectra 
SW: Boundary Conditions 
North 
West 
 
 
 
South 
East 
Wave parameters (version 1), Constant 
Closed boundary 
Hm0: 0.045 m, Tp.: 2.91 sec, MWD: 342.74 deg., 
n: 5 
Soft start: linear variation, Time interval: 7200 
sec, Ref. Hm0: 0.045 m 
Closed boundary 
Lateral boundary 
 
 
Figure 19: Scenario 1 – Bed Level Change 12 hours after the Beginning of Simulation 
In Figure 20 the accumulated total load, i.e. the combination of the total load across the 
x and the y axes, is illustrated with vectors. It is clear that the direction of the vectors is 
identical to the mean wave propagation direction, thus the total sediment transport take 
place in the same direction. The density of the vectors is higher near the piles due to the 
presence of each pile and the higher resolution used in these areas. The sand transport 
at regions in-between piles is almost steady and the major factors that affect the 
accumulated total load are the sea state intensity and the bed morphology.  
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Figure 20: Scenario 1 – Bed Level Change 12 hours after the Beginning of Simulation with Acc. Total Load Vectors 
Twelve hours later, i.e. 24 hours after the beginning of simulation, the sand transport 
volume in the examined region remains almost the same. A significant change is 
observed at the northern part of the wind farm, where the direction of the sand transport 
has been changed from south-eastern to north-western. This result is due to the tidal 
change in the examined area. The sand transport volume at the areas in-between the 
piles has been also changed compared with the transport volume 12 hours ago. The new 
maximum is 0.4 cm and the new minimum is -0.8 cm instead of 0.15 mm and -0.45 cm 
respectively. It is clear that the new sand transport state has been affected significantly 
by the tidal change and their interaction with the waves and the wave-induced currents. 
Let us note however, that the tidal change is a permanent characteristic of the area and 
therefore is outside the scope of this work. See also Figure 21. 
 
Figure 21: Scenario 1 – Bed Level Change 24 hours after the Beginning of Simulation with Acc. Total Load Vectors 
Thirty six hours after the beginning of simulation the sand transport volume has been 
significantly reduced at the examined area. Around the piles the new maximum bed 
level change is 2.5 cm while the minimum bed level change become -4.5 cm, but at the 
areas among piles the bed level change is between 0.5 cm and -0.5 cm. Furthermore, at 
54 
SKARLAS PANAGIOTIS 
NATIONAL TECHNICAL UNIVERSITY OF ATHENS 
M.SC. MARINE TECHNOLOGY AND SCIENCE 
M.Sc. THESIS                                                                                 IMPACT ASSESSMENT OF OFFSHORE ARTIFICIAL BARRIERS TO THE 
                                                                                                        SEDIMENTS EQUILIBRIUM USING MIKE 21/3 COUPLED MODEL FM 
 
 
the south-western area of the examined area the accumulated total load is more 
increased than in the rest area of the wind farm. The direction of sediment transport has 
been changed and follows the initial direction which is identical to the wave 
propagation direction. See also Figure 22. 
 
Figure 22: Scenario 1 – Bed Level Change 36 hours after the Beginning of Simulation with Acc. Total Load Vectors 
At the last step, i.e. the 48th hour of simulation, the accumulated total load between piles 
shows an increase compared to the 36th hour of simulation, but the volume of this 
process is not much greater. The direction of sediment transport remains the same, i.e. 
it is almost identical to the mean wave direction. The accumulated total load is again 
greater at the south-western area of the wind farm. The maximum bed level change is 
3.2 cm and the minimum -8 cm but only in areas around piles. The accumulated total 
load is much smaller in areas among piles and the bed level change is from 0.8 cm to -
0.8 cm. See also Figure 23. 
 
Figure 23: Scenario 1 – Bed Level Change 48 hours after the Beginning of Simulation with Acc. Total Load Vectors 
Considering the final state (48 hours after the beginning of simulation) of bed level in 
the areas between piles it is clear that the changes are not great enough to create a totally 
different bed morphology, thus the final bed level is almost identical with the initial 
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surface. As was expected the behavior of bed level change around each pile is totally 
different than the behavior in open areas, i.e. areas among piles.  
 
5.3 Scenario 1 – Local Assessment – General 
Each pile interact with the waves and the currents and create two different vortexes, the 
horseshoe vortex and the lee-wake vortex as it is illustrated in Figure 24. This scenario 
is solved in a 2-d environment, thus the down-flow, i.e. the flow parallel to z axe, is 
omitted. The sand transport result around each pile is a combination of the wave and 
current propagation, the pile diameter and the horseshoe and lee-wave vortex. The scour 
hole that is created around each pile preserves a pattern of creation. In Figure 24 the 
mechanism of scour hole creation around each pile is depicted. In this case (scenario 1) 
waves are propagating in a stable direction (342.74 deg.), with a stable period (2.91 
sec.) and a stable significant wave height (0.045 m.) for 48 hours, thus the final result 
around each pile is different than the result in Figure 24 because in that scenario the 
wave propagation direction is not stable for a certain time period. However, the 
mechanisms of scouring are identical such as this in Figure 24 and a scour hole is 
created around the pile. 
  
 
Figure 24: 3-D representation of scouring around a pile [27] 
In this case (scenario 1) the analysis is focused on two different piles, i.e. pile no.3 and 
pile no.9 (see also Figure 18). Pile no.3 is selected due to the higher sediment transport 
volume in that region and pile no.9 due to the wave propagation direction. Pile no.9 is 
the last pile that the wave reach after it enters the wind farm. 
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5.3.1 Scenario 1 - Pile No.3 
Figure 25 presents the bed level change around a pile of the wind farm. A scour hole 
with steep slope is created in the upstream area of the pile, but not in the wave 
propagation direction. The hole has approximately 2.5 m width and 5 m length. The 
depth of the hole is -1.02 cm next to the pile. In the downstream area of the flow the 
behavior of sediment transport is different than the upstream area. A hole is created but 
the slope is much smoother and the final depth of the hole is smaller. The two scour 
holes in upstream and downstream areas of the flow are created approximately in the 
same direction with the wave propagation direction. In the downstream area when the 
scour hole reaches the initial bed level, i.e. almost 1.5 m away from the pile, creates a 
bump 4 mm higher than the initial bed altitude and almost 2 m south-eastern it reaches 
again the initial bed level. In the area around the pile the sediment transport is almost 
0. The same sediment transport pattern is preserved for all the steps of the simulation.    
 
Figure 25: Scenario 1 – Bed Level Change around Pile no.3, 12 hours after the Beginning of Simulation 
 
Figure 26: Scenario 1 – Bed Level Change around Pile no.3, 24 hours after the Beginning of Simulation 
Figure 26 illustrates the state around the pile 24 hours after the beginning of simulation. 
As said, the pattern remains the same. A large scour hole is created upstream with steep 
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slope and big dimensions, while in downstream area the scour hole is significant smaller 
and shallower. In the upstream area the deepest point reaches -2.1 cm lower than the 
initial bed level whereas in the downstream area the deepest point reaches -8.3 mm 
lower than the initial bed level. In the downstream area after the end of scour hole a 
bump is created with the highest altitude at south and east of the pile. 
The state around the pile 36 hours after the beginning of simulation is depicted in Figure 
27. The scouring process is preserved in upstream and downstream area of the pile. A 
deeper and steeper scour hole is created upstream than downstream. The deepest points 
in upstream and downstream area is -3.8 cm and -8.6 mm lower than the initial surface, 
respectively. The bump is preserved in the downstream area approximately 2 m away 
from the pile and it becomes higher than the 24th hour of the simulation.  
 
Figure 27: Scenario 1 – Bed Level Change around Pile no.3, 36 hours after the Beginning of Simulation 
 
Figure 28: Scenario 1 – Bed Level Change around Pile no.3, 48 hours after the Beginning of Simulation 
During the last step of simulation, i.e. 48 hours after the beginning of simulation, the 
scour holes reach their final shape. In upstream area the width is approximately 5 m 
and the length 10 m, while downstream is approximately 5 m width and 3 m length. 
The scour hole upstream is deeper and steeper than downstream. The deepest point 
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upstream reaches the final value -5.7 cm and in downstream -1.8 cm lower than the 
initial surface. This result means that there will be two areas around the pile that the 
foundations of the pile will be revealed. The bump in downstream area encloses the 
scour hole and creates a result similar enough with upstream. See also Figure 28. 
 
5.3.1.1 Scenario 1 – Pile No.3 – Profile Cut - Upstream 
For a better view inside the upstream scour hole a profile cut is created as it is illustrated. 
The red line represents the cut upstream and its length is 3.5 m. See also Figure 29.  
 
Figure 29: Scenario 1 – Profile Cut at Upstream of the Flow on Pile no.3 
Group of Graphs 2, Time step 1 demonstrates the scouring process 12 hours after the 
beginning of simulation. It is clear that 1.8 m away from the pile the slope starts to 
become steeper. At point 1 the bed level fells only 1 mm while at point 2 the bed altitude 
is 0.9 cm lower than its initial altitude. Between point 2 and 3 the slope is steady while 
in the outer area of the scour hole the slope is not steady but creates a small curve.  
One day (24 hours) after the beginning of simulation in Time step 2 the scouring process 
is depicted. The process is more drastic than 12 hours ago and the bed level at point 2 
is 2.1 cm lower than its initial state. Furthermore, at point 1 the depth is increased by 
0.3 mm. In the same way as 12 hours ago (Time step 1) the slope near the pile is steeper 
and steady whereas in the outer area of the scour hole the slope creates again a small 
curve. Moreover, point 3 is the border between the two different states of scouring 
process and divides the hole in two areas, the inner and outer area. See also Group of 
Graphs 2. 
Thirty six hours after the beginning of simulation (Time step 3) the hole is deeper and 
the scouring process follows the almost the identical pattern such as the previous time 
steps. At point 1 the bed level is decreased by 1 mm when at point 2 the bed level 
change becomes almost double (-0.039 m). Point 3 is still the border between the two 
different areas of the scour hole and its altitude is almost 1 cm lower than the initial bed 
level. The slope in the inner area is again steady whereas at the outer area the curve that 
is created becomes greater. See also Group of Graphs 2.  
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Group of Graphs 2: Scenario 1 – Pile no.3 Upstream Profile Cut 
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Forty eight hours after the beginning of simulation (Time step 4) point 3 is still the 
border between the two areas inside the hole. Also, the scouring process in the inner 
area is more drastic than the outer area. The final altitude at point 2 is 5.7 cm lower 
than the initial level while point 1 remains almost stable in comparison to Time step 
3.The inner compared to the outer area of the scour hole, it is clear that the scouring 
process is more drastic near the pile with almost 5 times larger decrease of the bed 
level.  Moreover, near the pile the slope is steady and very steep while away from the 
pile the slope is smoother and shows small curves. Also, the outer area of the hole 
takes its final state sooner than the inner because near the pile the bed level shows 
large changes until the last step of the experiment. Furthermore, the development of 
the hole near the pile do not hold a steady rate and the bed level change is greater than 
the double in each step. See also Group of Graphs 2. 
 
5.3.1.2 Scenario 1 – Pile No.3 – Profile Cut - Downstream 
The same profile cut, as in the upstream area, is created in the downstream area and 
depicted in Figure 30. The blue line represents the profile cut and its length is 5.2 m. 
Point 1 is the boundary between the pile and the bed, point 2 is a point away enough 
from the pile in the wave propagation direction and point 3 is the crest of the bump 
which is created downstream after the scour hole. 
 
Figure 30: Scenario 1 – Profile Cut at Downstream of the Flow on Pile no.3 
Twelve hours after the beginning of simulation (Time step 1) the scouring process does 
not exist, due to numerical instabilities in the simulation process. A bump covers the 
entire downstream area. At point 1 the bed level is risen by approximately 1 mm while 
point 2 is 1.4 mm and point 3 which is the crest of the bump is increased by 2 mm. See 
also Group of Graphs 3. 
Twenty four hours after the beginning of simulation (Time step 2) the scouring process 
has already started (the simulation has stabilized) and tends to reach its final shape. 
Near the pile the scour hole reaches its lower altitude, the bed level at point 1 is 
decreased by 8mm while point 2 almost reaches its initial altitude. 
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Group of Graphs 3: Scenario 1 – Pile no.3 Downstream Profile Cut 
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The bump is created 3 m away from the pile and divides the scour hole in two areas, 
the inner area with negative altitude and the outer area that tends to reach the initial 
surface. Point 3 stands at 1 mm higher than the initial bed level. Furthermore, 
approximately 2 m at south-eastern from the pile the slope becomes steeper until 
reaches bump’s crest. The slope in the outer area of the scour hole is smoother than the 
inner area with an exception exactly next to the crest. See also Group of Graphs 3. 
Thirty six hours after the beginning of the experiment, i.e. Time step 3, the scouring 
process becomes more drastic. The bed level at point 1 does not changes significantly 
but the crest of the bump reaches its final altitude, i.e. 4 mm higher than the initial 
surface. The slope inside the scour hole is divided again in two parts, until 2.5 m away 
from the pile the slope is smoother than the last 0.5 m. The slope outside the scour hole 
is smoother than the inside slope and the new surface tends again to reach the initial 
bed level. The new altitude at point 2 is halve than at point 3 and 2 mm higher than the 
initial surface. See also Group of Graphs 3.  
Forty eight hours after the beginning of simulation, i.e. Time step 4, the bed level at 
point 1 shows an enormous fall and it stands 1.7 cm lower than the initial surface while 
in Time step 3 its altitude was halve. Altitudes at point 2 and 3 remain stable but the 
outer slopes shows significant changes. The slopes among point 3 become steeper such 
as the inner slope of the hole, while the outer slope which ends to point 2 become 
smoother. Considering the bed state outside the hole, the surface tends to reach the 
initial level and the bump to become larger capable enough to divide the two areas and 
preserve the scour hole. See also Group of Graphs 3. 
The upstream scour hole compared to the downstream scour hole is steeper and larger 
but at downstream there is a point where the bed level is increased. In the outer area of 
scour hole the bed tends to reach its initial state. 
 
5.3.2 Scenario 1 – Pile No.9 
The next step of scenario 1 is pile no.9 analysis. The pile is located at the south-eastern 
region of the wind park. The wave enters the wind park from south-eastern travel across 
the wind park and at last reaches pile no.3. The initial sea state condition are Significant 
Wave Height (Hm0) = 0.045 m, Mean Wave Direction (MWD) = 342.74 deg. and Peak 
Wave Period (Tp.) = 2.91 sec. Regarding the wave propagation in this direction it is 
clear that the wave that enters the wind farm from the south-eastern area is not the same 
with the wave that reaches pile no.9 at the south-eastern area of the wind park, thus 
these wave characteristics cannot be taken into consideration for pile no.9 analysis. 
Figure 31 presents the bed level change around pile no.9 of the wind farm 12 hours 
after the beginning of simulation. A scour hole with steep slope is created in the 
upstream area of the pile (northern area). The position of the upstream scour hole is 
northern, thus it is not created in the same direction such as the wave propagation 
direction. Vectors shows the sand transport direction which is identical to the wave 
propagation direction. Around the pile the sand transport direction is circular due to the 
existence of pile. The scour hole has approximately 5 m width and 10 m length. At the 
upstream area the depth of the scour hole is -1.1 cm next to the pile. At the downstream 
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area of the flow the behavior of sediment transport is different than the upstream area. 
The slope is smoother, the scour hole is smaller and the depth is -0.4 cm.  
 
Figure 31: Scenario 1 – Bed Level Change around Pile no.9, 12 hours after the Beginning of Simulation 
Figure 32 illustrates the state around the pile 24 hours (1 day) after the beginning of 
simulation. Both scour holes, upstream and downstream, are located in the wave 
propagation direction. A large scour hole is created upstream with steep slope, while in 
downstream area the scour hole is significant smaller and shallower. In the upstream 
area the deepest point is approximately -2 cm lower than the initial bed level whereas 
in the downstream area the deepest point is -1.4 cm lower than the initial bed level. At 
the downstream area around the scour hole a crest is created. Vectors indicate the 
accumulated total load around the pile. Vectors direction is the opposite than the wave 
propagation direction. That phenomenon is due to the tidal change over the examined 
area and their interaction with the waves. Let us note however, that the tidal change is 
a permanent characteristic of the area and therefore is outside the scope of this work.  
 
Figure 32: Scenario 1 – Bed Level Change around Pile no.9, 24 hours after the Beginning of Simulation 
The state around the pile 36 hours after the beginning of simulation is depicted in Figure 
33. The scouring process is preserved in upstream and downstream area of the pile. The 
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scour hole upstream is still larger than downstream. The deepest points in upstream and 
downstream area are approximately -3.5 cm and -1.5 cm lower than the initial surface, 
respectively. The crest around the downstream scour hole is preserved and becomes 
higher than the 24th hour of the simulation.  
 
Figure 33: Scenario 1 – Bed Level Change around Pile no.9, 36 hours after the Beginning of Simulation 
During the last step of simulation, i.e. 48 hours after the beginning of simulation, both 
scour holes reach their final shape. In upstream area the width is approximately 5 m 
and the length 12 m, while downstream is approximately 4 m width and 5 m length. 
The scour hole upstream is deeper and steeper than downstream. The deepest point 
upstream is approximately -5.1 cm and in downstream -3 cm lower than the initial 
surface. This result means that there will be two areas around the pile that the 
foundations of the pile will be revealed. The crest in downstream area encloses the 
scour hole. See also Figure 34. 
 
Figure 34: Scenario 1 – Bed Level Change around Pile no.9, 48 hours after the Beginning of Simulation 
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5.3.2.1 Scenario 1 – Pile No.9 – Profile Cut - Upstream  
For a better view inside the upstream scour hole a profile cut is created as it is illustrated. 
The red line represents the cut upstream and its length is 4.1 m. See also Figure 35.  
 
Figure 35: Scenario 1 – Profile Cut at Upstream of the Flow on Pile no.9 
Twelve hours after the beginning of simulation, 2.8 m away from the pile the slope 
starts to become steeper. At point 1 the bed level is almost stable while at point 2 the 
bed altitude is 0.75 cm lower than its initial altitude. Between point 2 and 3 the slope is 
steady while in the outer area of the scour hole the slope is not steady but creates a small 
curve. Moreover, point 3 is the border between the two different states of scouring 
process and divides the hole in two areas, the inner and outer area. See also Group of 
Graphs 4. 
One day (24 hours) after the beginning of simulation the process is more drastic than 
12 hours ago and the bed level at point 2 is 1.9 cm lower than its initial state. 
Furthermore, at point 1 the depth is approximately stable. In the same way as 12 hours 
ago (Time step 1) the slope near the pile is steeper and steady whereas in the outer area 
of the scour hole the slope creates again a small curve. See also Group of Graphs 4. 
Thirty six hours after the beginning of simulation (Time step 3) the hole is deeper and 
the scouring process follows the almost the identical pattern such as the previous time 
steps. At point 1 the bed level is approximately stable when at point 2 the bed level 
change is -3.5 cm. Point 3 is still the border between the two different areas of the scour 
hole and its altitude is almost 0.5 cm lower than the initial bed level. The slope in the 
inner area is again steady whereas at the outer area the curve that is created becomes 
greater. See also Group of Graphs 4. 
Forty eight hours after the beginning of simulation the scouring process at the inner 
area is more drastic than the outer area. The final altitude at point 2 is 5.1 cm lower than 
the initial level while point 1 remains almost stable. The bed level change at point 3 is 
-0.6 cm. Moreover, near the pile the slope is steady and very steep while away from the 
pile the slope is smoother and shows a small curve. Also, the outer area of the hole takes 
its final state sooner than the inner because near the pile the bed level shows large 
changes until the last step of the simulation. See also Group of Graphs 4. 
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Group of Graphs 4: Scenario 1 – Pile no.9 Upstream Profile Cut 
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5.3.2.2 Scenario 1 – Pile No.9 – Profile Cut - Downstream 
An identical profile cut, as in the upstream area, is created in the downstream area. The 
blue line represents the profile cut and its length is 5.1 m. Point 1 is the boundary 
between the pile and the bed, point 2 is a point away enough from the pile in the wave 
propagation direction and point 3 is the crest of bed level which is created downstream 
after the scour hole. See also Figure 35. 
 
Figure 36: Scenario 1 – Profile Cut at Downstream of the Flow on Pile no.9 
Twelve hours after the beginning of simulation (Time step 1) the scour hole does not 
has shape due to the direction its position. The scour hole has begun to be created to the 
western. At point 1 the bed level change is approximately 0 mm while at point 2 and 3 
is 0.3 mm higher than the initial bed level. See also Group of Graphs 5. 
Twenty four hours after the beginning of simulation the scouring process has already 
started and tends to reach its final shape. Near the pile at point 1 the scour hole depth is 
-1.4 cm. At point 2 and 3 the bed level change is almost stable such as 12 hours ago. 
The crest (point 3) is located 2.9 m away from the pile and divides the scour hole in 
two areas, the inner area with negative altitude and the outer area that tends to reach the 
initial surface. Point 3 stands at 0.03 cm higher than the initial bed level. The inner 
slope is steeper than the outer. See also Group of Graphs 5. 
Thirty six hours after the beginning of simulation, i.e. Time step 3, the scouring process 
becomes more drastic. The bed level at point 1 does not changes significantly (-1.5 cm) 
but the bed level change at point 3, i.e. the crest of the bed level, is 0.06 cm higher than 
the initial bed level. At point 2 the bed level change is 0.04 cm. The slope in the scour 
hole is steeper than the outer. See also Group of Graphs 5. 
Forty height hours after the beginning of simulation, i.e. Time step 4, the bed level 
change at point 1 doubled, i.e. -3 cm lower than the initial surface. Altitudes at point 2 
and 3 is approximately stable such as 12 hours ago. The inner and the outer slope 
becomes steeper than 12 hours ago. Considering the bed state outside the hole, the 
surface tends to reach the initial level and the crest becomes larger capable to divide 
the two areas and preserve the scour hole. See also Group of Graphs 5. 
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Group of Graphs 5: Scenario 1 – Pile no.9 Downstream Profile Cut 
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5.4 Scenario 1 - Comparison between Pile No.3 and Pile No.9 
The comparison between pile no.3 and pile no.9 is presented through the next tables. 
The bed level change for every region (upstream and downstream), point (1 to 3) and 
time step are depicted. Furthermore, the total depth of scour holes is calculated in every 
time step, region and point.  
At upstream point 2 is the boundary between the pile and the sand, point 3 is the crest 
of the scour hole and point 1 is the first point where the development of scouring begins. 
Point 3 divides the upstream scour hole in two regions (inner and outer).  
At downstream point 1 is the boundary between the pile and the sand, point 3 the crest 
and point 2 a point far away from the pile in the wave propagation direction. Point 3 
divides the scour hole in two regions (inner and outer).  
 
5.4.1 Comparison between Pile No.3 and No.9 at Upstream of the Flow 
Table 5 and Table 6 present the bed level change in upstream area of the flow until the 
end of simulation (48 hours). The bed level change at point 2 of both piles shows a 
gradual decrease in contrast with points 1 and 2 where the changes are smaller. The 
depth increase at pile no.3 is much faster than this in pile no.9. 
Table 5: Scenario 1 – Bed Level Change at Upstream of Pile no.3 and Pile no.9 – Time step 1 and Time step 2 
Area Upstream 
Time step 12 hours 24 hours 
Points 1 3 2 1 3 2 
Pile no.3 -0.08 cm -0.19 cm -0.82 cm -0.28 cm -0.6 cm - 2.1 cm 
Pile no.9 -0.061 cm - 0.12 cm - 0.78 cm - 0.15 cm - 0.35 cm - 1.9 cm 
 
Table 6: Scenario 1 – Bed Level Change at Upstream of Pile no.3 and Pile no.9 – Time step 3 and Time step 4 
Area Upstream 
Time step 36 hours 48 hours 
Points 1 3 2 1 3 2 
Pile no.3 - 0.39 cm - 0.97 cm - 3.8 cm -0.41 cm - 1.2 cm - 5.6 cm 
Pile no.9 - 0.32 cm - 0.62 cm - 3.5 cm - 0.35 cm - 0.75 cm - 5.1 cm 
 
The scour hole depth at upstream is depicted on Table 7. The depth is the distance 
between the higher and the deeper point inside the scour hole. It is clear that the scour 
hole at upstream of pile no.3 is deeper (5.19 cm) than this in pile no.9 (4.75 cm). The 
scouring process is less drastic in upstream of pile no.9 due to the wave propagation. 
The wave loss energy until reaches pile no.9 due to the trip over the wind farm, thus 
the sand transport-induced is weaker around that pile.     
Table 7: Scenario 1 – Scour Hole Depth at Upstream of Pile no.3 and Pile no.9 
Area Upstream 
Time step 12 hours 24 hours 36 hours 48 hours 
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 Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Pile no.3 0.74 cm 1.82 cm 3.42 cm 5.19 cm 
Pile no.9 0.72 cm 1.75 cm 3.18 cm 4.75 cm 
 
The length of scour holes at upstream is calculated from point 3 to point 2 due to the 
steep slope and the problems that may occur from that phenomenon. An exception is 
made at pile no.3 where point 3 is not the crest of the upstream scour hole, but a crest 
that divides the inner area, thus the scour hole length at upstream of pile no.3 is 3.1 m. 
See also Table 8. 
Table 8: Scenario 1 – Scour Hole Length at upstream of Pile no.3 and Pile no.9 
Area Upstream 
 Scour hole length 
Pile no.3 3.1 m 
Pile no.9 3 m 
 
The length of scour hole at upstream of pile no.3 is bigger than at pile no.9. The 
lengths difference is proportional to the depth difference between these piles. 
 
5.4.2 Comparison between Pile No.3 and No.9 at Downstream of the Flow 
Table 9 and Table 10 present the bed level change at downstream of the flow until the 
end of the simulation (48 hours). The scouring process at downstream of pile no.3 is 
begins to become more drastic after the 12th hour of the simulation. At point 1 the 
altitude is decreased in every time step until the 48th hour when reaches the final value 
-1.78 cm lower than the initial bed level. On the other hand at points 2 and 3 the bed 
level is increased in every time step after the 24th hour of the simulation. At pile no.9 
the scouring process is the same such as at pile no.3. 
Table 9: Bed Level Change at Downstream of Pile no.3 and Pile no.9 – Time step 1 and Time step 2 
Area Downstream 
Time step 12 hours 24 hours 
Points 1 3 2 1 3 2 
Pile no.3 0.07 cm 0.18 cm 0.12 cm - 0.74 cm 0.09 cm 0.029 cm 
Pile no.9 0.04 cm 0.16 cm 0.13 cm - 1.4 cm 0.25 cm 0.15 cm 
 
Table 10: Scenario 1 – Bed Level Change at Downstream of Pile no.3 and Pile no.9 – Time step 3 and Time step 4 
Area Downstream 
Time step 36 hours 48 hours 
Points 1 3 2 1 3 2 
Pile no.3 - 0.82 cm 0.39 cm 0.22 cm - 1.78 cm 0.38 cm 0.18 cm 
Pile no.9 -1.48 cm 0.59 cm 0.41 cm -2.98 cm 0.65 cm 0.36 cm 
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The scour hole depth is depicted on Table 11. The depth is the distance between the 
higher and the deeper point inside the scour hole. At downstream of pile no.9 the scour 
hole is deeper than this at pile no.3. The final depths for pile no.3 and pile no.9 are 1.96 
cm and 3.34 cm, respectively. The scouring process is drastic and in every time step the 
depth is increased.  
Table 11: Scenario 1 – Scour Hole Depth at Downstream of Pile no.3 and Pile no.9 
Area Downstream 
Time step 12 hours 24 hours 36 hours 48 hours 
 Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Pile no.3 0.05 cm 0.77 cm 1.04 cm 1.96 cm 
Pile no.9 0.09 cm 1.55 cm 1.89 cm 3.34 cm 
 
Table 12 presents the scour hole length at downstream of both piles. The length is the 
distance between the pile and the crest, i.e. point 3, which is created at downstream of 
the scour hole.  
Table 12: Scenario 1 – Scour Hole Length at Downstream of Pile no.3 and Pile no.9 
Area Downstream 
 Scour hole length 
Pile no.3 3 m 
Pile no.9 2.9 m 
 
The length of scour hole at downstream of pile no.3 is bigger than at pile no.9. The 
difference is not significant even if the overall depth of these scour holes shows big 
differences. See also Group of Graphs 3 and Group of Graphs 5.   
 
5.4.3 Comparison between Upstream and Downstream Scour Holes on Piles No.3 
and No.9 
The length of scour holes at upstream and downstream of the flow on pile no.3 are 3.1 
m and 3 m, respectively. Also, the depth of scour holes at upstream and downstream of 
the flow are 5.19 m and 1.96 cm, respectively. The conclusion is that the scour hole 
upstream is longer and deeper than downstream. See also Table 13.  
Table 13: Scenario 1 – Scour Hole Length at Upstream and Downstream of Pile no.3 
Area Upstream Downstream 
 Scour hole 
length 
Scour hole 
depth 
Scour hole 
length 
Scour hole 
depth 
Pile no.3 3.1 m 5.19 cm 3.05 m 1.96 cm 
 
The length of scour holes at upstream and downstream of the flow on pile no.9 are 3 m 
and 2.9 m, respectively. Also, the depth of scour holes at upstream and downstream of 
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the flow are 4.75 cm and 3.34 cm, respectively. The conclusion is that the scour hole 
upstream is longer and deeper than downstream. See also Table 14.  
Table 14: Scenario 1 – Scour Hole Length at Upstream and Downstream of Pile no.9 
Area Upstream Downstream 
 Scour hole 
length 
Scour hole 
depth 
Scour hole 
length 
Scour hole 
depth 
Pile no.9 3 m 4.75 cm 2.9 m 3.34 cm 
 
5.5 Concluding Remarks 
The local scour around each pile under combined waves and current involves an 
interaction between wave/current, pile and the surrounding sea bed. Considering 
scenario 1 results the following conclusions are drawn: 
 Οn both piles (no.3 and no.9) the scouring process on upstream is more drastic 
in all time steps than downstream, thus the scour holes are longer and deeper on 
that side of the flow.  
 Regarding the wave propagation it is clear that the wave that enters the wind 
farm from the north-western area (pile no.1) is not identical to the wave that 
reaches pile no.9 at the south-eastern area of the wind park, thus the initial wave 
characteristics (Hm0, Tp., MWD) cannot be taken into consideration for pile 
no.9 analysis.  
 The accumulated total load around pile no.3 and no.9 is circular due to the pile 
existence. 
 The final direction of scour holes is identical to the wave propagation direction 
regardless the accumulated total load direction.  
 The scouring depth around piles is small compared to pile’s diameter (9 m), but 
it is high compared to the overall sediment transport over the examined area  
 A crest at upstream and downstream of each pile divides the scour hole in two 
different areas. At upstream there are two areas with different slope inside the 
scour hole. At downstream the first area is inside the scour hole but the second 
area is outside the scour hole and tends to reach the initial bed level. 
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CHAPTER 6 
SCENARIO 2 – PEAK SIGNIFICANT WAVE HEIGHT CASE 
 
6.1 General 
The second scenario is about the sea state with the highest significant wave height 
(Hm0) over the area of the wind farm that observed between 1979 and 2013. That value 
is a result of data analysis. The selected values for Mean Wave Direction (MWD) and 
Peak Wave Period (Tp.) are the values that correspond to the highest Hm0 = 3.83 m. 
The date that the highest Hm0 is observed was at the 4th of October 1992 and the 
corresponded MWD and Tp., was 160.2 deg. and 8.51 sec., respectively.  
Considering the Mean Wave Direction the sea propagates from south-eastern directions 
i.e. 160.2 deg., thus the upstream area is at the south-eastern of each pile and the 
downstream area is at the north-western of each pile. The initial state of bed 
morphology is identical for all the cases. See also Figure 18. 
 
6.2 Scenario 2 – Wind Farm – Simulation Characteristics   
In this examined case (scenario 2), 12 piles of 9 m diameter each located in the area 
with a distance of 600 m among them, have been considered. See also Figure 37. 
 
Figure 37: Scenario 2 - Bed Level Change 3 hours after the Beginning of Simulation 
The specifications of the three different modules of Mike 21 (Hydrodynamic, Sand 
Transport and Spectral Waves) and the sea state characteristics are illustrated in Table 
15. The duration of simulation is 12 hours and the time step is 10 min. (600 sec). Also, 
the number of time steps are 72. The bathymetry is created by “Mesh Generator” a Mike 
21 tool and the sediment transport table is created by the toolbox “Generation of Q3D 
Sediment Tables”. The water level boundaries of Hydrodynamic module is calculated 
by Mike 21 toolbox “Tide Prediction of Heights”. In Figure 37 the result 3 hours after 
the beginning of simulation is depicted. The bed level change in the examined area of 
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the wind farm is not great with a maximum of 0.16 cm and a minimum of -0.16 cm, 
which means that there are areas where sand left and areas where sand added. 
Table 15: Scenario 2 - MIKE 21 Coupled Model FM Specifications 
Parameter Value 
Simulation Period 12 hours  
Time Step Interval 600 sec (10 min.) 
No. of Time Steps 72 
HD: Solution Technique Low order, fast algorithm 
Minimum time step: 0.001 s 
Maximum time step: 60 s 
Critical CFL number: 0.8 
HD: Density Barotropic 
HD: Eddy Viscosity Smagorinsky formulation 
Constant value: 0.28 
HD: Bed Resistance  Manning number 
Varying in domain 
HD: Wind Forcing  No 
HD: Wave Radiation Wave radiation from SW simulation 
HD: Initial Surface Level  0.044 m 
HD: Water Level Boundaries 
 
North, West, South and East 
 
 
Land Boundary 
Predicted (Mike 21 toolbox: Tide prediction of 
heights) 
Include radiation stress correction, Time interval 
7200 sec, Reference value 0.044m 
Land (zero velocity) 
ST: Model Type Wave and current 
ST: Sediment Transport Table Calculated (Mike 21 Toolbox: Generation of 
Q3D Sediment Tables) 
ST: Time Parameters Start time: 12 
Time step factor: 1 
ST: Sediment Properties  Porosity: 0.4 
Grain diameter: 0.3 mm 
Grain coefficient: 1.1 
ST: Forcings Waves: Wave field from SW simulation 
ST: Morphology Max bed level change: 0.5 m/day 
Include feedback on hydrodynamic, wave and 
sand transport calculation 
Start time step: 12 
No bank erosion 
ST: Boundaries  
North, West, South and East 
Zero sediment flux gradient for outflow, zero bed 
change for inflow 
SW: Basic equations Spectral formulation: Directionally decoupled 
parametric formulation 
Time formulation: Quasi stationary formulation 
SW: Time Parameters Start time: 0 s 
SW: Spectral Discretization Directional Discretization type: 360 degree rose 
Number of directions: 16 
SW: Solution Technique Low order, fast algorithm 
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Newton-Raphson iteration 
Max. number of iterations: 500 
Tolerance (RMS-norm of residual): 0.1 
Tolerance (Max-norm of change of sign. wave 
height): 0.2m 
Relaxation Factor: 0.07 
SW: Water Level Conditions Water level variation from HD simulation 
SW: Current Conditions Current variation from HD simulation 
SW: Diffraction Smoothing factor: 1 
No. of steps: 100 
SW: Bottom Friction Nikuradse roughness, kn 
Constant value: 0.04 m 
Include effect of mean wave frequency 
SW: Initial Conditions Zero Spectra 
SW: Boundary Conditions 
North 
West 
South 
 
 
 
East 
Wave parameters (version 1), Constant 
Lateral boundary 
Closed boundary 
Hm0: 3.83 m, Tp: 8.51 sec, MWD: 160.2 deg., n: 
5 
Soft start: linear variation, Time interval: 7200 
sec, Ref. Hm0: 0.045 m 
Closed boundary 
 
 
Figure 38: Scenario 2 - Bed Level Change 3 hours after the Beginning of Simulation with Acc. Total Load Vectors 
In Figure 38 the accumulated total load, i.e. the combination of the total load across the 
x and the y axes, is illustrated with vectors. The direction of the vectors is identical to 
the mean wave propagation direction, thus the total sediment transport take place in the 
same direction. The density of the vectors is not high over the wind park. Near piles the 
density of the vectors is higher than the area among piles due to the presence of each 
pile and the higher resolution used in these areas, but is not high enough to create 
tremendous changes in the bed level. The sand transport at regions in-between piles is 
almost steady and the major factors that affect the total load are the sea state intensity 
and the bed morphology. 
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Three hours later, i.e. 6 hours after the beginning of simulation, the sand transport 
volume over the examined region shows a significant change. At the north-western part 
of the wind farm, where the direction of the sand transport has been changed from north-
western to south-western. This result is due to the tidal change in the examined area. 
The sand transport volume at the areas among piles is also changed compared with the 
transport volume 3 hours ago. Both maximum and minimum values of bed level change 
has become 1.75 cm. At the areas among piles the maximum and minimum bed level 
change is 0.75 cm and -0.5 cm respectively. It is clear that the new sand transport state 
has been affected significantly by the tidal change and their interaction with the waves 
and the wave-induced currents. Let us note however, that the tidal change is a 
permanent characteristic of the area and therefore is outside the scope of this work. See 
also Figure 39. 
 
Figure 39: Scenario 2 - Bed Level Change 6 hours after the Beginning of Simulation with Acc. Total Load Vectors 
 
Figure 40: Scenario 2 - Bed Level Change 9 hours after the Beginning of Simulation with Acc. Total Load Vectors 
Nine hours after the beginning of simulation the sand transport volume has been 
significantly increased at the examined area. Around piles the new maximum bed level 
change is 4 cm while the minimum bed level change become -3.5 cm. Also, the sand 
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transport load at the areas among piles has been changed. The maximum and minimum 
bed level change is 0.5 cm and -0.5 cm respectively. The density of vectors over the 
wind farm is higher than 3 hours ago. Regarding the density of vectors it is clear that 
the sediment transport activity becomes high during each simulation step. Furthermore, 
in almost the whole examined area the direction of accumulated total load has become 
south-western except piles no.10 and no.12 (See also Figure 18). These change means 
that the efficiency of the tidal change is great to the accumulated total load direction.  
See also Figure 40. 
 
Figure 41: Scenario 2 - Bed Level Change 12 hours after the Beginning of Simulation with Acc. Total Load Vectors 
Twelve hours after the beginning of simulation (last step of simulation) the sediment 
transport activity has become maximum. The direction of sediment transport is south-
western over the whole wind park except pile no.10 and no.12 where it is north-western, 
in the same way as 3 hours ago. Around piles the new maximum and minimum bed 
level change has become 5.6 cm and -5.6 cm, respectively. Among piles the sediment 
transport volume is lower than around piles. The new maximum and minimum bed 
level change is 0.8 cm and -0.8 cm, respectively. See also Figure 41. 
Considering the final state (12 hours after the beginning of simulation) of bed level in 
the areas among piles it is clear that the changes are great enough to create a different 
bed morphology, thus the final bed level shows changes compared to the initial surface. 
As was expected the behavior of bed level change around each pile is different than the 
behavior in open areas, i.e. areas among piles. The sediment transport around piles is 
greater than in open areas because of the piles’ existence. Each pile interact with the 
waves and the currents and create two different vortexes, the horseshoe vortex and the 
lee-wake vortex that move sand from one place to other (see also Figure 24). The sand 
transport result around each pile is a combination of the wave and current propagation, 
the pile diameter and the horseshoe and lee-wave vortex. In this case (scenario 2) waves 
are propagating in a stable direction (160.2 deg.), with a stable period (8.51 sec.) and a 
stable significant wave height (3.83 m) for 12 hours, thus the final result around each 
pile is different than the result in scenario 1 due to the different sea state intensity. 
However, the mechanisms of scouring are identical such as these in Figure 24 and a 
scour hole is created at upstream and downstream of the pile. 
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6.3 Scenario 2 – Local Assessment – General  
In this case (scenario 2) the analysis is focused on pile no.1 and no.11 because of their 
location. Pile no.11 is the first pile which the wave passes from and pile no.1 is the last 
pile that the wave passes from (see also Figure 18). Regarding piles location and wave 
propagation direction, pile no.11 is the first pile that is analyzed and pile no.1 the last.  
 
6.3.1 Scenario 2 - Pile No.11 
Figure 42 presents the bed level change around pile no.11 of the wind farm. A scour 
hole with steep slope is created at the upstream area of the pile (south-eastern area). 
Vectors shows the sand transport direction which is identical to the wave propagation 
direction. The scour hole has approximately 3 m width and 6 m length. The depth of 
the scour hole reaches -1.9 mm next to the pile. In the downstream area of the flow the 
behavior of sediment transport is different than the upstream area. A scour hole is 
created with maximum depth -1.2 mm, the slope is much smoother and the final depth 
of the hole is smaller. The two scour holes in upstream and downstream areas of the 
flow are created approximately in the same direction with the wave propagation 
direction. In the downstream area when the scour hole reaches the initial bed level, i.e. 
almost 0.8 m away from the pile, creates a bump 1.4 mm higher than the initial bed 
altitude. At eastern and southern of the pile sand is settled. In the area around the pile 
sand is moved and settled as the vectors indicate. Also, it can be seen that the movement 
of sand is circular around the pile, due to the existence of the pile.  
 
Figure 42: Scenario 2 - Bed Level Change around Pile no.11, 3 hours after the Beginning of Simulation 
Figure 43 illustrates the state around the pile 6 hours after the beginning of simulation.  
A large scour hole is created upstream with steep slope and big dimensions, while in 
downstream area the scour hole is significant smaller and shallower. In the upstream 
area the deepest point reaches -1.3 cm lower than the initial bed level whereas in the 
downstream area the deepest point reaches -1.6 mm lower than the initial bed level. 
Vectors indicate that the sediment transport activity has become higher around the pile. 
The scour hole development is more eastern than 3 hours ago. Furthermore, the 
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sediment transport direction at the northern area has been changed. The scour hole on 
downstream area tends to become shallower due to the sediment transport direction 
change. Also, at western and eastern areas the sand is settled as 3 hours ago. The 
accumulated total load volume is higher on western, thus the sand growth is higher in 
this region. 
 
Figure 43: Scenario 2 - Bed Level Change around Pile no.11, 6 hours after the Beginning of Simulation 
The state around pile no.11, 9 hours after the beginning of simulation is depicted in 
Figure 44. The scouring process is preserved in upstream area. At downstream 
backfilling occurs. A deeper and steeper scour hole is created upstream but downstream 
the scour hole has almost remain steady. The deepest points in upstream area is -1.9 
cm. Downstream the maximum depth is -1.5 mm lower than the initial surface. The 
accumulated total load volume at the northern area is higher (the vectors dimensions is 
bigger) than 3 hours ago and affects the sediment transport around the pile. The vectors 
indicate that on downstream area the scour hole tends to filled with sand. The sand on 
the western of the pile no.11 is moved to the western area far from the pile. 
 
Figure 44: Scenario 2 - Bed Level Change around Pile no.11, 9 hours after the Beginning of Simulation 
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During the last step of simulation, i.e. 12 hours after the beginning of simulation, the 
scour holes reach their final shape. The scour hole upstream is deeper and steeper than 
3 hours ago. The accumulated total load direction is circular around the pile. The 
deepest point upstream reaches the final value -2.2 cm. In downstream area backfilling 
occurs and the scour hole is fully covered with sand. The accumulated total load 
direction is southern at the northern area of the pile and the vectors indicate that is 
sediment transport volume is much higher. The new altitude on downstream is 0.2 mm 
higher than the initial surface 12 hours ago. This result means that there will be only 
one area around the pile that the foundations of the pile will be revealed. See also Figure 
45. 
 
Figure 45: Scenario 2 - Bed Level Change around Pile no.11, 12 hours after the Beginning of Simulation 
 
6.3.1.1 Scenario 2 – Pile No.11 – Profile Cut - Upstream 
For a better view at the upstream area of scour hole a profile cut was created as it is 
illustrated. The red line represents the cut upstream and its length is 3.5 m. See also 
Figure 46.
 
Figure 46: Scenario 2 – Profile Cut at Upstream of the Flow on Pile no.11 
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Group of Graphs 6: Scenario 2 – Pile no.11 Upstream Profile Cut 
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Three hours after the beginning of simulation, i.e. Time step 1 the slope starts to become 
steeper 2.5 m away from the pile. At point 1 the bed level rises 0.4 mm while at point 
2 the bed altitude is 2 mm lower than its initial altitude. Between point 2 and 3 the slope 
is steady while in the outer area (between points 1-3) of the scour hole the slope remains 
almost stable. See also Group of Graphs 6. 
The upstream scouring process 6 hours after the beginning of the experiment is depicted 
in Time step 2 of Group of Graphs 6. The process is more drastic than 3 hours ago and 
the bed level at point 2 is 1.1 cm lower than its initial state. Also, it is clear that the 
depth is increased by 2 mm at point 1. In the same way as 3 hours ago (Time step 1) 
the slope near the pile is steeper and steady whereas in the outer area of the scour hole 
the slope creates a small curve. Moreover, point 3 is the border between the two 
different states of scouring process and divides the hole in two areas, the inner and outer 
area. 
Nine hours after the beginning of simulation (Time step 3) the scour hole is deeper and 
the scouring process follows the almost the identical pattern such as the previous time 
steps. At point 1 the bed level is decreased compared to Time step 2 by 1 mm when at 
point 2 the bed level change becomes -1.8 cm. Point 3 is still the border between the 
two different areas of the scour hole and its altitude for first time becomes negative (-2 
mm). The slope in the inner area is again steady until 60 cm before the pile where the 
slope becomes smoother. At the outer area the curve that is created becomes greater 
and it is divided in two parts, a first part with stable slope and a second part with steady 
slope. See also Group of Graphs 6. 
Time step 4 of Group of Graphs 6 illustrates the scour hole state 12 hours after the 
beginning of simulation. Point 3 is the border of the two areas inside the hole and the 
scouring process in the inner area is more drastic than the outer area. The final altitude 
at point 3 is 2 mm lower than the initial level while point 1 remains almost stable in 
comparison to Time step 3. Point 2, is the boundary between pile and sand and reaches 
its final altitude, i.e. -1.9 cm lower than the initial surface. The inner area compared to 
the outer area of the scour hole, shows steady and steep slope. The curve in the outer 
area of the scour hole is divided again in two parts, the first part remains stable while 
the slope of the second part is steep but smoother than the inner area. It is clear that the 
scouring process is more drastic near the pile. Moreover, the outer area of the hole takes 
its final state sooner than the inner because near the pile the bed level shows large 
changes until the last step of the experiment. Furthermore, the development of the hole 
near the pile do not hold a steady rate and the bed level change is greater than the double 
in each step. 
 
6.3.1.2 Scenario 2 – Pile No.11 – Profile Cut - Downstream 
The same profile cut, as in the upstream area, is created in the downstream area. The 
blue line represents the profile cut and its length is 5.82 m. Point 1 is the boundary 
between pile and sand, point 2 is a point away enough from the pile in the wave 
propagation direction and point 3 is the crest of the bed which is created downstream 
after the scour hole. See also Figure 47. 
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Time step 1 of Group of Graphs 7 illustrates the bed level evolution downstream of the 
flow. During the 3 first hours the scouring process a scour hole is created near pile 
no.10. At point 1 the bed level fell by approximately 1 mm while point 2 is 0.7 mm 
higher than the initial surface. Point 3, i.e. the crest of the bed level, is higher by 1.3 
mm than the initial surface. Between points 1 and 3 the bed slope is steeper than this 
between points 3 and 2. The slope in the outer area of the scour hole tends to reach the 
initial bed level but 5.6 m away from the pile shows a slight increase.  
 
Figure 47: Scenario 2 – Profile Cut at Downstream of the Flow on Pile no.11 
Six hours after the beginning of simulation the bed level at point 3 shows an enormous 
increase. The bed level change at point 3 is 3.6 mm. The scour hole that is created 
downstream is big even if the depth compared to the initial state is small. Near the pile 
the hole reaches its lower altitude, the bed level at point 1 is decreased by 7 mm while 
at point 2 the bed level is 2.6 cm higher than the initial surface. The crest is created 2 
m away from the pile and divides the scour hole in two areas, the inner area with steep 
slope and the outer area with smoother slope. The inner slope remains steady until 1.6 
m away from the pile, i.e. north-western direction, and then for 0.4 creates a small 
curve. The outer slope is steady for 3.4 m and then the bed shows a slight increase. See 
also Group of Graphs 7. 
Nine hours after the beginning of the experiment, i.e. in Time step 3, the scouring 
process becomes more drastic. The big change in that time step is that there are not 
negative changes compared to the initial state. The scour hole exists but its deeper point 
is higher than the initial bed level. The bed level at point 1 changes significantly, i.e. is 
increased by 1.8 mm. The crest of the bump reaches its higher value, i.e. 4.7 mm higher 
than the initial surface. In Time step 3 and 4 the scour hole has the same shape. See also 
Group of Graphs 7. 
The only difference is at the end of the inner area, i.e. next to point 3, where the slope 
remains stable for 0.5 m. The slope inside the scour hole is steep. The slope outside the 
scour hole is smoother than the inside slope and the new surface tends again to reach 
the initial bed level. The bed level at point 2 is 3.6 mm higher than the initial surface. 
See also Group of Graphs 7. 
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Group of Graphs 7: Scenario 2 – Pile no.11 Downstream Profile Cut 
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Twelve hours after the beginning of simulation the overall altitude shows an increase. 
The scouring process pattern does not exists anymore due to backfilling from the 
extreme sea state intensity. The scour hole near the pile still exists but is smaller than 
the other time steps. Outside the scour hole the bed level shows a gradual increase. See 
also Group of Graphs 7. 
Backfilling occurs the last 6 hours of simulation. The overall altitude at downstream 
increased and during the last 3 hours of simulation the scour hole tends to filled with 
sand. 
 
6.3.2 Scenario 2 - Pile No.1 
The next step of scenario 2 is pile no.1 analysis. The pile is located at the north-western 
region of the wind park. The wave enters the wind park from pile no.11 travel across 
the wind park and at last reaches pile no.1. The initial sea state condition are Significant 
Wave Height (Hm0) = 3.83 m, Mean Wave Direction (MWD) = 160.2 deg. and Peak 
Wave Period (Tp.) = 8.51 sec. Regarding the wave propagation in this direction it is 
clear that the wave that enters the wind farm from the south-eastern area (pile no.10) is 
not the same with the wave that reaches pile no.1 at the north-western of the wind park, 
thus these wave characteristics cannot be taken into consideration for pile no.1 analysis. 
 
Figure 48: Scenario 2 - Bed Level Change around Pile no.1, 3 hours after the Beginning of Simulation 
Figure 48 presents the bed level change around pile no.1 of the wind farm. A scour hole 
with steep slope is created in the upstream area of the pile (south-eastern area). Vectors 
shows the sand transport direction which is identical to the wave propagation direction. 
The hole has approximately 3 m width and 9 m length, but the width and length of the 
main scour hole are 3 m and 6 respectively. At the upstream area the depth of the hole 
reaches -4 mm next to the pile. At the downstream area of the flow the behavior of 
sediment transport is different than the upstream area. Two individual scour holes are 
created, the first at the wave propagation direction and the second at the eastern of the 
pile. The depth of both of the scour holes is -2.3 mm lower than the initial surface. 
Between these two scour holes at downstream a crest is created with maximum altitude 
1.91 mm higher than the initial bed level.  At eastern and southern of the pile sand is 
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settled. In the area around the pile sand is moved and settled as the vectors indicate. 
Also, it can be seen that the movement of sand is circular around the pile, due to the 
existence of the pile. 
Figure 49 illustrates the state around the pile 6 hours after the beginning of simulation. 
The sediment transport direction at the northern area has been changed. The sand moves 
around the pile with higher volume than 3 hours ago. The scour hole at upstream is 
deeper and reaches -1.51 cm lower than the initial surface. Furthermore, at upstream 
the shape of scour hole has been changed and tends to become narrower. At downstream 
the two scour holes are preserved but the eastern scour hole tends to be filled with sand. 
The bed level change to the eastern scour hole is 2 mm. The western scour hole has 
become deeper, i.e. -5 mm lower than the initial bed level. The vectors indicate that the 
sediment transport activity has become higher around the pile. Also, at western and 
eastern areas the sand is settled as 3 hours ago. The accumulated total load volume is 
higher to the eastern, thus the sand growth is higher in that region. The bed level change 
to the eastern is 1.2 cm while to the western is 5 mm. The bed level change on the crest 
at downstream is 6.1 mm. It is clear that the sediment transport creates an eddy around 
of the pile. 
 
Figure 49: Scenario 2 - Bed Level Change around Pile no.1, 6 hours after the Beginning of Simulation 
The state around pile no.1, 9 hours after the beginning of simulation is depicted in 
Figure 50. The scouring process is preserved in upstream and downstream area of the 
pile. At upstream the scour hole has become deeper, i.e. -1.9 cm lower than the initial 
bed level. Furthermore, the scour hole has become narrower. At downstream the scour 
hole has started to take its final shape. The deepest point in downstream area is -1.1 cm. 
The accumulated total load volume at the north-eastern area is higher (the vectors 
dimensions is bigger) than 3 hours ago and affects the sediment transport around the 
pile. The sand from the north-eastern area of the pile no.1 is moved southern from the 
pile. A crest is observed at downstream after the end of scour hole. The bed level change 
in its highest point is 1.1 cm.  
During the last step of simulation, i.e. 12 hours after the beginning of simulation, both 
scour holes reach their final shape. The scour hole upstream is deeper and steeper than 
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3 hours ago. The sediment transport direction is circular around the pile. The deepest 
point upstream reaches the final value -3.3 cm. In downstream area the scour hole has 
become deeper. The deepest point is -1.7 cm lower than the initial bed level. The crest 
after the scour hole has become higher by 0.5 cm than 3 hours ago (bed level change 
1.6 cm). This result means that there will be two areas around the pile that the 
foundations of the pile will be revealed. See also Figure 51. 
 
Figure 50: Scenario 2 - Bed Level Change around Pile no.1, 9 hours after the Beginning of Simulation 
 
Figure 51: Scenario 2 - Bed Level Change around Pile no.1, 12 hours after the Beginning of Simulation 
 
6.3.2.1 Scenario 2 – Pile No.1 – Profile Cut - Upstream 
For a better view at the upstream area of scour hole a profile cut was created as it is 
illustrated. The red line represents the cut upstream and its length is 3.1 m. See also 
Figure 52. 
Time step 1 of Group of Graphs 8 demonstrates the scouring process 3 hours after the 
beginning of simulation. It is clear that approximately 2 m away from the pile the slope 
starts to become steeper. At point 1 the bed level is identical with the initial surface 
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while at point 2 the bed altitude is 3.8 mm lower than its initial altitude. Moreover, point 
3 is the border between the two different states of scouring process and divides the hole 
in two areas, the inner and outer area. Between point 2 and 3 the slope is steady while 
in the outer area (between points 1-3) of the scour hole the slope remains almost stable.  
 
Figure 52: Scenario 2 – Profile Cut at Upstream of the Flow on Pile no.1 
The upstream scouring process 6 hours after the beginning of the experiment is depicted 
in Time step 2 of Group of Graphs 8. The process is more drastic than 3 hours ago and 
the bed level at point 2 is -1.5 cm lower than its initial state. Also, it is clear that the 
depth remains steady at point 1. In the same way as 3 hours ago (Time step 1) the slope 
near the pile is steeper and steady whereas in the outer area of the scour hole the slope 
remains stable.  
Nine hours after the beginning of simulation, i.e. Time step 3, the scour hole is deeper 
and the scouring process follows the almost the identical pattern such as the previous 
time steps. At point 1 the bed level change is 0 m. At point 2 the bed level change 
becomes -2 cm. Point 3 is still the border between the two different areas of the scour 
hole and its bed level change is -2 mm. The slope in the inner area is again steady and 
steep. At the outer area of the scour hole the slope is steady and smoother than the inner 
Twelve hours after the beginning of simulation (last step of simulation) point 3 is still 
the border of the two areas inside the scour hole. The scouring process in the inner area 
is more drastic than the outer area. The final altitude at point 3 is approximately -2 mm 
lower than the initial level while point 1 remains almost stable. Point 2, is the boundary 
between pile and sand and reaches its final altitude, i.e. -3.3 cm lower than the initial 
surface. The inner area compared to the outer area of the scour hole, shows steep slope. 
The slope in the outer area of the scour hole is steady. It is clear that the scouring process 
is more drastic near the pile. Moreover, the outer area of the hole takes its final state 
sooner than the inner because near the pile the bed level shows large changes until the 
last step of the experiment.  
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Group of Graphs 8: Scenario 2 – Pile no.1 Upstream Profile Cut 
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Furthermore, the development of the hole near the pile do not hold a steady rate and the 
bed level change is greater than the double in each step. See also Group of Graphs 8. 
6.3.2.2 Scenario 2 – Pile No.1 – Profile Cut - Downstream 
An identical profile cut, as in the upstream area, is created in the downstream area. The 
blue line represents the profile cut and its length is 4.93 m. Point 1 is the boundary 
between pile and sand, point 2 is a point away enough from the pile in the wave 
propagation direction and point 3 is the crest of the bed which is created downstream 
after the scour hole. See also Figure 53. 
 
Figure 53: Scenario 2 – Profile Cut at Downstream of the Flow on Pile no.1 
Time step 1 of Group of Graphs 9 illustrates the bed level evolution downstream of the 
flow. During the 3 first hours of simulation a scour hole is created next to pile no.1. At 
point 1 the bed level fell by approximately 2 mm while point 2 is 1.3 mm higher than 
the initial surface. Point 3, i.e. the crest of the bed level, is higher by 1.9 mm than the 
initial surface. Between points 1 and 3 the bed slope is divided in two different parts. 
The first part with steep and steady slope near the pile and the second part 80 cm 
southern from the crest. The slope in that part is smoother and not steady. The slope in 
the outer area of the scour hole tends to reach the initial bed level. 
Six hours after the beginning of simulation, i.e. Time step 2, the bed level at point 3 
shows and increase. The bed level change at point 3 is 5.6 mm. Near the pile the hole 
reaches its lower altitude, i.e. the bed level at point 1 is decreased by 4.5 mm while at 
point 2 the bed level is 3.6 mm higher than the initial surface. The crest is created 3 m 
northern from the pile and divides the scour hole in two areas, the inner area with steep 
slope and the outer area with smoother slope. The inner slope remains steady until a 
specific point such as 3 hours ago away. The outer slope is smoother and also steady. 
See also Group of Graphs 9. 
Nine hours after the beginning of simulation, i.e. Time step 3, the scouring process 
becomes more drastic. The bed level at point 1 changes significantly, i.e. is decreased 
by 1.8 cm.  
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Group of Graphs 9: Scenario 2 – Pile no.1 Downstream Profile Cut 
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The crest of bed level reaches a higher value than 3 hours ago, i.e. 9.5 mm higher than 
the initial surface. The slope inside the scour hole is steep while outside the scour hole 
is smoother and the new surface tends again to reach the initial bed level. The bed level 
at point 2 is 6 mm higher than the initial surface. See also Group of Graphs 9. 
Twelve hours after the beginning of simulation, i.e. Time step 4, the overall altitude of 
the scour hole shows an increase and reaches its final shape. Inside the scour hole the 
slope is steeper than ever and the deepest point (point 1) is 1.55 cm lower than the initial 
surface. Outside the scour hole the bed level shows a decrease. Point 2 is 9 mm higher 
than the initial bed level and point 3 (the crest of bed level) reaches is highest value, i.e. 
1.4 cm. See also Group of Graphs 9. 
 
6.4 Scenario 2 - Comparison between Pile No.1 and Pile No.11 
The comparison between pile no.1 and pile no.10 is presented through the next tables. 
The bed level change for every region (upstream and downstream), point (1 to 3) and 
time step is depicted. Furthermore, the total depth of scour holes is calculated in every 
time step, region and point.  
At upstream point 2 is the boundary between the pile and the sand, point 3 is the crest 
of the scour hole and point 1 is the first point where the development of scouring begins. 
Point 3 divides the upstream scour hole in two regions (inner and outer).  
At downstream point 1 is the boundary between the pile and the sand, point 3 the crest 
and point 2 a point far away from the pile in the wave propagation direction. Point 3 
divides the scour hole in two regions (inner and outer).  
 
6.4.1 Comparison between Pile No.1 and No.11 at Upstream of the Flow 
Table 16 and Table 17 present the bed level change in upstream area of the flow until 
the end of simulation (12 hours). The bed level change at point 2 of both piles shows a 
gradual decrease in contrast with points 1 and 2 where the changes are smaller. The 
depth increase at pile no.1 is much faster than this in pile no.11. 
Table 16: Scenario 2 - Bed Level Change at Upstream of Pile no.1 and Pile no.11 – Time step 1 and Time step 2 
Area Upstream 
Time step 3 hours 6 hours 
Points 1 3 2 1 3 2 
Pile no.1 0 0 -0.38 cm 0.03 cm 0.02 cm -1.5 cm 
Pile no.11 0.03 cm 0.03 cm -0.19 cm 0.21 cm 0.11 cm -1.1 cm 
 
Table 17: Scenario 2 - Bed Level Change at Upstream of Pile no.1 and Pile no.11 – Time step 3 and Time step 4 
Area Upstream 
Time step 9 hours 12 hours 
Points 1 3 2 1 3 2 
Pile no.1 -0.02 cm -0.13 cm -2 cm 0.01 cm -0.12 cm -3.3 cm 
Pile no.11 0.13 cm -0.11 cm -1.8 cm 0.1 cm -0.25 cm -1.92 cm 
93 
SKARLAS PANAGIOTIS 
NATIONAL TECHNICAL UNIVERSITY OF ATHENS 
M.SC. MARINE TECHNOLOGY AND SCIENCE 
M.Sc. THESIS                                                                                 IMPACT ASSESSMENT OF OFFSHORE ARTIFICIAL BARRIERS TO THE 
                                                                                                        SEDIMENTS EQUILIBRIUM USING MIKE 21/3 COUPLED MODEL FM 
 
 
 
The scour hole depth is depicted on Table__. The depth is the distance between the 
higher and the deeper point inside the scour hole. It is clear that the scour hole at 
upstream of pile no.1 is deeper (3.18 cm) than this in pile no.11 (2.02 cm). The scouring 
process is more drastic in upstream of pile no.1 due to the faster decrease of the bed 
level.     
Table 18: Scenario 2 - Scour Hole Depth at Upstream of Pile no.1 and Pile no.11 
Area Upstream 
Time step 3 hours 6 hours 9 hours 12 hours 
 Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Pile no.1 0.38 cm 1.7 cm 1.87 cm 3.18 cm 
Pile no.11 0.22 cm 1.31 cm 1.93 cm 2.02 cm 
 
The length of scour holes at upstream is the distance between point 3 and point 2, due 
to the steep slope and the problems that may occur from that phenomenon. An exception 
is made at pile no.11 where point 3 is not the crest of the upstream scour hole, but a 
crest that divides the inner area, thus the scour hole length at upstream of pile no.11 is 
3.5 m. See also Table 19. 
Table 19: Scenario 2 - Scour Hole Length at Upstream of Pile no.1 and Pile no.11 
Area Upstream 
 Scour hole length 
Pile no.1 2.5 m 
Pile no.11 3.5 m 
 
The length of scour hole at upstream of pile no.11 is bigger than at pile no.1. In 
contrast to the length results, depth at pile no.1 is bigger than this at pile no.11.  
 
6.4.2 Comparison between Pile No.1 and No.11 at Downstream of the Flow 
Table 20 and Table 21 present the bed level change at downstream of the flow until the 
end of the simulation (12 hours). The bed level change at pile no.11 until the 9th hour 
of simulation follows the pattern as described in Chapter 5, Figure 24. The 12th hour of 
simulation backfilling occurs, thus the results are different than it expected. Also, the 
accumulated total load volume is small and the sand transport state tends to become 
zero. On the other hand the bed level change at pile no.1 follows the pattern as described 
in Chapter 5, Figure 24.  
Table 20: Scenario 2 - Bed Level Change at Downstream of Pile no.1 and Pile no.11 – Time step 1 and Time step 2 
Area Downstream 
Time step 3 hours 6 hours 
Points 1 3 2 1 3 2 
Pile no.1 -0.2 cm 0.2 cm 0.11 cm -0.5 cm 0.5 cm 0.35 cm 
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Pile no.11 -0.1 cm 0.12 cm 0.07 cm -0.07 cm 0.36 cm 0.25 cm 
 
Table 21: Scenario 2 - Bed Level Change at Downstream of Pile no.1 and Pile no.11 – Time step 3 and Time step 4 
Area Downstream 
Time step 9 hours 12 hours 
Points 1 3 2 1 3 2 
Pile no.1 -1.1 cm 0.9 cm 0.61 cm -1.6 cm 1.4 cm 0.88 cm 
Pile no.11 0.12 cm 0.46 cm 0.36 cm 0.37 cm 0.49 cm 0.58 cm 
 
The scour hole depth is depicted on Table 22. The depth is the distance between the 
higher and the deeper point inside the scour hole. At downstream of pile no.1 the scour 
hole is deeper than this at pile no.11. The scouring process is drastic and every 3 hours 
the depth is doubled. At pile no.11 after the 6th hour of the simulation the depth begins 
to decrease.   
Table 22: Scenario 2 - Scour Hole Depth at Downstream of Pile no.1 and Pile no.11 
Area Downstream 
Time step 3 hours 6 hours 9 hours 12 hours 
 Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Pile no.1 0.13 cm 1 cm 2 cm 3 cm 
Pile no.11 0.2 cm 0.43 cm 0.34 cm 0.12 cm 
 
Table 23 presents the scour hole length at downstream of both piles. The length is the 
distance between the pile and the crest, i.e. point 3, which is created at downstream of 
the scour hole or the point that the slope is smoother.  
Table 23: Scenario 2 - Scour Hole Length at Downstream of Pile no.1 and Pile no.11 
Area Downstream 
 Scour hole length 
Pile no.1 2.2 m 
Pile no.11 1.4 m 
 
The length of scour hole at downstream of pile no.1 is bigger than at pile no.11. The 
short length of scour hole occurs at downstream of pile no.10 due to backfilling at this 
time step during the simulation. The scour hole length at pile no.11 represented by the 
distance between pile and crest until Time step 3. 
 
6.4.3 Comparison between Upstream and Downstream Scour Holes on Piles No.1 
and No.11 
The length of scour holes at upstream and downstream of the flow on pile no.1 are 2.5 
m and 2.2 m, respectively. Also, the depth of scour holes at upstream and downstream 
of the flow are 3.18 cm and 3 cm, respectively. The conclusion is that the scour hole 
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upstream is longer and deeper than downstream. Regarding the depth comparison, the 
difference is very small, thus the depth at upstream and downstream are almost 
identical.  See also Table 24.  
Table 24: Scenario 2 - Scour Hole Length at Upstream and Downstream of Pile no.1 
Area Upstream Downstream 
 Scour hole 
length 
Scour hole 
depth 
Scour hole 
length 
Scour hole 
depth 
Pile no.1 2.5 m 3.18 cm 2.2 m 3 cm 
 
The length of scour holes at upstream and downstream of the flow on pile no.10 are 3.5 
m and 1.4 m, respectively. Also, the depth of scour holes at upstream and downstream 
of the flow are 2.02 cm and 0.12 cm, respectively. The conclusion is that the scour hole 
upstream is longer and deeper than downstream. See also Table 25.  
Table 25: Scenario 2 - Scour Hole Length at Upstream and Downstream of Pile no.11 
Area Upstream Downstream 
 Scour hole 
length 
Scour hole 
depth 
Scour hole 
length 
Scour hole 
depth 
Pile no.11 3.5 m 2.02 cm 1.4 m 0.12 cm 
 
 
6.5 Concluding Remarks 
This Thesis is focused on sediment transport over the sea bed of a wind park, thus the 
wave characteristics changes are not the mainly analysis object. MIKE 21 Coupled 
Model FM takes into consideration these changes in order to calculate the sediment 
transport rates.  
The local scour around each pile under combined waves and current involves an 
interaction between wave/current, pile and the surrounding sea bed. Considering 
scenario 2 results the following conclusions are drawn: 
 Οn both piles (no.1 and no.11) the scouring process on upstream is more drastic 
in all time steps than downstream, thus the scour holes are longer and deeper on 
that side of the flow.  
 Regarding the wave propagation it is clear that the wave that enters the wind 
farm from the south-eastern area (pile no.11) is not identical to the wave that 
reaches pile no.1 at the north-western of the wind park, thus the initial wave 
characteristics (Hm0, Tp., MWD) cannot be taken into consideration for pile 
no.1 analysis. 
 Backfilling occurs on both piles. Backfilling on pile no.11 occurs due to the 
sharp bed level change and the extreme sea state intensity (high Significant 
Wave Height and Peak Wave Period). 
 The scouring process around pile no.1 and no.11 is circular until the numerical 
calculations stabilized.  
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 The final direction of scour holes is identical to the wave propagation direction 
regardless the accumulated total load direction.  
 The scouring depth around piles is small compared to pile’s diameter (9 m), but 
it is high compared to the overall sediment transport over the examined area  
 A crest at upstream and downstream of each pile divides the scour hole in two 
different areas. At upstream there are two areas with different slope inside the 
scour hole. At downstream the first area is inside the scour hole but the second 
area is outside the scour hole and tends to reach the initial bed level.  
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CHAPTER 7 
SCENARIO 3 – PEAK WAVE PERIOD CASE 
 
7.1 General 
The last case (scenario 3) is about the sea state with the highest peak wave period (Tp.) 
over the area of the wind farm that observed between 1979 and 2013. That value is a 
result of data analysis. The selected values, Mean Wave Direction (MWD) and 
Significant Wave Height (Hm0) are the values that correspond to the highest Tp. = 
10.18 sec. The date that the highest Tp. is observed was at the 8th of February 1994 and 
the corresponded MWD and Hm0, was 197.56 deg. and 1.37 m, respectively.  
Considering the Mean Wave Direction the sea propagates from south-western 
directions i.e. 197.56 deg., thus the upstream area is at the south-western of each pile 
and the downstream area is at the north-eastern of each pile. The initial state of bed 
morphology is identical for all the cases. See also Figure 18. 
 
7.2 Scenario 2 – Wind Farm – Simulation Characteristics  
In this examined case (scenario 3), 12 piles of 9 m diameter each located in the area 
with a distance of 600 m among them, have been considered. See also Figure 18. 
The specifications of the three different modules of Mike 21 (Hydrodynamic, Sand 
Transport and Spectral Waves) and the sea state characteristics are illustrated in Table 
26. The duration of simulation is 12 hours and the time step is 10 min. (600 sec). Also, 
the number of time steps are 72. The bathymetry is created by “Mesh Generator” a Mike 
21 tool and the sediment transport table is created by the toolbox “Generation of Q3D 
Sediment Tables”. The water level boundaries of Hydrodynamic module is calculated 
by Mike 21 toolbox “Tide Prediction of Heights”.  
Table 26: Scenario 3 - MIKE 21 Coupled Model FM Specifications 
Parameter Value 
Simulation Period 12 hours  
Time Step Interval 600 sec (10 min.) 
No. of Time Steps 72 
HD: Solution Technique Low order, fast algorithm 
Minimum time step: 0.001 s 
Maximum time step: 60 s 
Critical CFL number: 0.8 
HD: Density Barotropic 
HD: Eddy Viscosity Smagorinsky formulation 
Constant value: 0.28 
HD: Bed Resistance  Manning number 
Constant value: 32 m^(1/3)/s 
HD: Wind Forcing  No 
HD: Wave Radiation Wave radiation from SW simulation 
HD: Initial Surface Level  0.044 m 
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HD: Water Level Boundaries 
 
North, West, South and East 
 
 
Land Boundary 
Predicted (Mike 21 toolbox: Tide prediction of 
heights) 
Include radiation stress correction, Time interval 
7200 sec, Reference value 0.044m 
Land (zero velocity) 
ST: Model Type Wave and current 
ST: Sediment Transport Table Calculated (Mike 21 Toolbox: Generation of 
Q3D Sediment Tables) 
ST: Time Parameters Start time: 12 
Time step factor: 1 
ST: Sediment Properties  Porosity: 0.4 
Grain diameter: 0.3 mm 
Grain coefficient: 1.1 
ST: Forcings Waves: Wave field from SW simulation 
ST: Morphology Max bed level change: 0.5 m/day 
Include feedback on hydrodynamic, wave and 
sand transport calculation 
Start time step: 12 
No bank erosion 
ST: Boundaries  
North, West, South and East 
Zero sediment flux gradient for outflow, zero bed 
change for inflow 
SW: Basic equations Spectral formulation: Directionally decoupled 
parametric formulation 
Time formulation: Quasi stationary formulation 
SW: Time Parameters Start time: 0 s 
SW: Spectral Discretization Directional Discretization type: 360 degree rose 
Number of directions: 16 
SW: Solution Technique Low order, fast algorithm 
Newton-Raphson iteration 
Max. number of iterations: 500 
Tolerance (RMS-norm of residual): 0.1 
Tolerance (Max-norm of change of sign. wave 
height): 0.2m 
Relaxation Factor: 0.07 
SW: Water Level Conditions Water level variation from HD simulation 
SW: Current Conditions Current variation from HD simulation 
SW: Diffraction Smoothing factor: 1 
No. of steps: 100 
SW: Bottom Friction Nikuradse roughness, kn 
Constant value: 0.04 m 
Include effect of mean wave frequency 
SW: Initial Conditions Zero Spectra 
SW: Boundary Conditions 
North 
West 
South 
 
 
Wave parameters (version 1), Constant 
Lateral boundary 
Closed boundary 
Hm0: 1.37 m, Tp: 10.18 sec, MWD: 197.56 deg., 
n: 5 
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East 
Soft start: linear variation, Time interval: 7200 
sec, Ref. Hm0: 0.045 m 
Closed boundary 
 
 
Figure 54: Scenario 3 - Bed Level Change 3 hours after the Beginning of Simulation with Acc. Total Load Vectors 
In Figure 54 the accumulated total load, i.e. the combination of the total load across 
the x and the y axes, is illustrated with vectors 3 hours after the beginning of 
simulation. The bed level change in the examined area among piles is not great with a 
maximum of 0.05 cm and a minimum of -0.05 cm. Vectors indicate the total load 
direction. It can be seen that around piles the accumulated total load volume is higher 
than areas among them. Also, near piles the sediment transport direction is circular 
due to the presence of piles and the higher resolution used in these areas.  
In Figure 55 the result 6 hours after the beginning of simulation is depicted. The density 
of the vectors is not high over the wind park. Near piles the density of the vectors is 
higher than the area among piles. Also, only to the northern area of the wind farm the 
sand transport volume is high. The vector direction is changed due to the tidal change 
and the wave-induced current. The maximum and minimum bed level change at areas 
among piles is 0.3 cm and -0.3cm, respectively.   
Three hours later, i.e. 9 hours after the beginning of simulation, the sand transport 
volume shows an increase over the examined region. The direction of accumulated total 
load is not identical to the wave propagation direction. The sand transport volume at 
the areas among piles is also changed compared with the transport volume 3 hours ago. 
At the areas among piles the maximum and minimum bed level change is 0.8 cm and -
0.8 cm respectively. It is clear that the new sand transport state has been affected 
significantly by the tidal change and their interaction with the waves and the wave-
induced currents. Let us note however, that the tidal change is a permanent 
characteristic of the area and therefore is outside the scope of this work. See also Figure 
56. 
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Figure 55: Scenario 3 - Bed Level Change 6 hours after the Beginning of Simulation with Acc. Total Load Vectors 
 
Figure 56: Scenario 3 - Bed Level Change 9 hours after the Beginning of Simulation with Acc. Total Load Vectors 
Twelve hours after the beginning of simulation (last step of simulation) the direction of 
sediment transport is identical to 3 hours ago. Among piles the sediment transport 
volume is lower than around piles. The new maximum and minimum bed level change 
is 1.2 cm and -1.2 cm, respectively. See also Figure 57. 
Considering the final state (12 hours after the beginning of simulation) of bed level in 
the areas among piles it is clear that the changes are not great enough to create a 
different bed morphology, thus the final bed level is almost identical compared to the 
initial surface. As was expected the behavior of bed level change around each pile is 
different than the behavior in open areas, i.e. areas among piles. The sediment transport 
around piles is greater than in open areas because of the piles’ existence. Each pile 
interact with the waves and the currents and create two different vortexes, the horseshoe 
vortex and the lee-wake vortex that move sand from one place to other (see also Figure 
24). The sand transport result around each pile is a combination of the wave and current 
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propagation, the pile diameter and the horseshoe and lee-wave vortex. In this case 
(scenario 3) waves are propagating in a stable direction (197.56 deg.), with a stable 
period (10.18 sec.) and a stable significant wave height (1.37 m) for 12 hours. The 
sediment transport direction is not identical to the wave propagation direction due to 
the extreme sea state intensity (extreme Peak Wave Period) and the tidal changes. 
However, the mechanisms of scouring are identical such as these in Figure 24 and a 
scour hole is created around the pile. 
 
Figure 57: Scenario 3 - Bed Level Change 12 hours after the Beginning of Simulation with Acc. Total Load Vectors 
 
7.3 Scenario 3 – Local Assessment – General  
In this case (scenario 3) the analysis is focused on pile no.1 and no.10 because of their 
location. Pile no.1 is the first pile which the wave passes from and pile no.10 is the last 
pile that the wave passes from (see also Figure 18). Regarding piles location and wave 
propagation direction, pile no.1 is the first pile that is analyzed and pile no.10 the last.  
 
7.3.1 Scenario 3 - Pile No.1 
Figure 58 presents the bed level change around pile no.1 of the wind farm 3 hours after 
the beginning of simulation. A scour hole with steep slope is created around the pile 
with approximately 3 m radius. The deepest points are one at upstream of the flow 
(south-western of the pile) and two at downstream of the flow. Vectors shows the sand 
transport direction. The sand transport direction is not identical to the wave propagation 
direction. Also, around pile the sand transport direction is circular. The bed level change 
of the scour hole reaches -0.18 cm at upstream. In the downstream area of the flow the 
scour hole depths are -0.14 cm and -0.09 cm. The two scour holes in upstream and 
downstream areas of the flow are created approximately in the same direction with the 
wave propagation direction. In the downstream area between the two scour holes the 
bed level shows a slight increase. At southern of the pile sand is settled.  
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Figure 59 illustrates the state around the pile 6 hours after the beginning of simulation.  
The scour hole around pile is preserved. At upstream the scour hole is deeper than 3 
hours ago. At downstream the scour hole is one and created at the identical direction to 
the wave propagation direction. The scour hole at upstream is larger and deeper than 
downstream. At upstream the deepest point reaches -0.9 cm lower than the initial bed 
level whereas at downstream the deepest point reaches -0.3 cm lower than the initial 
bed level. Vectors indicate that the sediment transport activity has become higher 
around the pile. The scour hole development is more western than 3 hours ago. 
Furthermore, the accumulated total load direction is changed, but around the pile is 
circular. Also, at southern areas the sand is settled as 3 hours ago and the crest is higher. 
 
Figure 58: Scenario 3 - Bed Level Change around Pile no.1, 3 hours after the Beginning of Simulation 
 
Figure 59: Scenario 3 - Bed Level Change around Pile no.1, 6 hours after the Beginning of Simulation 
The state around pile no.1, 9 hours after the beginning of simulation is depicted in 
Figure 60. The scouring process is preserved in upstream and downstream area of the 
pile. A deeper and steeper scour hole is created upstream but downstream a second 
scour hole is created to the north-eastern of the pile. The deepest points in upstream 
area is -2.8 cm. Downstream the maximum depth is -0.65 cm lower than the initial 
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surface. The depth of second scour hole at downstream is -0.84 cm lower than the initial 
bed level. The accumulated total load direction is identical to 3 hours ago. Around pile 
no.1 the sand transport direction is circular. 
During the last step of simulation, i.e. 12 hours after the beginning of simulation, the 
scour holes reach their final shape. The scour hole upstream is deeper and steeper than 
3 hours ago. The accumulated total load direction is identical to 3 hours ago and around 
the pile is circular. The bed level change upstream is -4.7 cm. In downstream area there 
are two scour holes. The depth in first is -1.1 cm while in second is -1.8 cm. Considering 
the bed level change, there will be two areas around the pile that the foundations of the 
pile will be revealed. See also Figure 61. 
 
Figure 60: Scenario 3 - Bed Level Change around Pile no.1, 9 hours after the Beginning of Simulation 
 
Figure 61: Scenario 3 - Bed Level Change around Pile no.1, 12 hours after the Beginning of Simulation 
 
7.3.1.1 Scenario 3 – Pile No.1 – Profile Cut - Upstream 
For a better view at the upstream area of scour hole a profile cut was created as it is 
illustrated. The red line represents the cut upstream and its length is 5.4 m. See also 
Figure 62. 
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Three hours after the beginning of simulation, i.e. Time step 1 the slope is almost stable. 
The bed level shows a slight decrease at point 2. See also Group of Graphs 10. 
The upstream scouring process 6 hours after the beginning of simulation is depicted in 
Time step 2 of Group of Graphs 10. The process is more drastic than 3 hours ago and 
the bed level at point 2 is 0.94 cm lower than its initial state. Also, it is clear that the 
depth at point 3 is increased by 0.25 cm. Moreover, point 3 is the border between the 
two different states of scouring process and divides the hole in two areas, the inner and 
outer area. Between point 2 and 3 the slope is steeper and steady whereas in the outer 
area of the scour hole the slope is smoother.  
 
Figure 62: Scenario 3 – Profile Cut at Upstream of the Flow on Pile no.1 
Nine hours after the beginning of simulation (Time step 3) the scour hole is deeper and 
the scouring process follows almost the identical pattern such as 3 hours ago. At point 
1 the bed level is decreased by -0.4 cm when at point 2 the bed level change becomes -
2.8 cm. Point 3 is still the border between the two different areas of the scour hole. The 
bed level change at point 3 is -0.83 cm. The slope in the inner area is steeper compared 
to 3 hours ago. At the outer area the slope is smoother compared to the inner. See also 
Group of Graphs 10. 
Time step 4 of Group of Graphs 10 illustrates the scour hole state 12 hours after the 
beginning of simulation. Point 3 is the border of the two areas inside the scour hole. 
The scouring process in the inner area is more drastic than the outer area. The final 
altitude at point 3 is -1.7 cm lower than the initial level while the bed level change at 
point 1 is -0.72 cm. Point 2, is the boundary between pile and sand and reaches its final 
altitude, i.e. -4.8 cm lower than the initial surface. The inner slope compared to the 
outer area of the scour hole, is steady and steep. It is clear that the scouring process is 
more drastic near the pile.  
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Group of Graphs 10: Scenario 3 – Pile no.1 Upstream Profile Cut 
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7.3.1.2 Scenario 3 – Pile No.1 – Profile Cut - Downstream 
An identical profile cut, as in the upstream area, is created in the downstream area. The 
blue line represents the profile cut and its length is 5.3 m. Point 1 is the boundary 
between pile and sand, point 2 is a point away enough from the pile in the wave 
propagation direction and point 3 is the crest of the bed which is created downstream 
after the scour hole. 
 
Figure 63: Scenario 3 – Profile Cut at Downstream of the Flow on Pile no.1 
Time step 1 of Group of Graphs 11 illustrates the bed level evolution downstream of 
the flow. During the 3 first hours of simulation a scour hole is created next to pile no.1. 
At point 1 the bed level fell by approximately 0.15 cm while at point 2 and 3 is 
approximately 0 cm.  
Six hours after the beginning of simulation, i.e. Time step 2, the bed level change at 
point 1 is -0.3 cm. The bed level change at point 3 is approximately 0 cm when at point 
2 is -0.2 cm. Due to the bed level fall at point 1 the scour hole takes shape. Point 3 is 
the crest and divides the scour hole in two areas, the inner area with steep slope and the 
outer area with smoother slope. See also Group of Graphs 11. 
Nine hours after the beginning of simulation, i.e. Time step 3, the scouring process 
becomes more drastic. The bed level at point 1 changes significantly, i.e. is decreased 
by 0.34 cm. The bed level change at the crest (point 3) is -0.3 cm. The slope inside the 
scour hole is steep while outside the scour hole is smoother. The bed level at point 2 is 
0.7 cm lower than the initial surface. See also Group of Graphs 11. 
Twelve hours after the beginning of simulation, i.e. Time step 4, the scour hole reaches 
its final shape. Inside the scour hole the slope is steeper than ever and the deepest point 
(point 1) is 1.05 cm lower than the initial surface. Outside the scour hole the bed level 
shows a decrease. See also Group of Graphs 11. 
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Group of Graphs 11: Scenario 3 – Pile no.1 Downstream Profile Cut 
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7.3.2 Scenario 3 - Pile No.10 
The next step of scenario 3 is pile no.10 analysis. The pile is located at the north-eastern 
region of the wind park. The wave enters the wind park from pile no.3 travel across the 
wind park and at last reaches pile no.10. The initial sea state condition are Significant 
Wave Height (Hm0) = 1.37 m, Mean Wave Direction (MWD) = 197.56 deg. and Peak 
Wave Period (Tp.) = 10.18 sec. Regarding the wave propagation in this direction it is 
clear that the wave that enters the wind farm from the south-eastern area (pile no.3) is 
not the same with the wave that reaches pile no.10 at the north-western of the wind 
park, thus these wave characteristics cannot be taken into consideration for pile no.10 
analysis. 
 
Figure 64: Scenario 3 - Bed Level Change around Pile no.10, 3 hours after the Beginning of Simulation 
Figure 64 presents the bed level change around pile no.10 of the wind farm. A scour 
hole with steep slope is created on the southern area of the pile. Another scour hole is 
created on the north-eastern area of the pile. The scour hole on both upstream and 
downstream does not created in the wave propagation direction. Vectors shows the 
accumulated total load direction which is circular around the pile. At the upstream area 
the depth is -0.15 cm next to the pile. At downstream the scour hole depth is -0.1 cm.  
At western of the pile sand is settled. 
Figure 65 illustrates the state around the pile 6 hours after the beginning of 
simulation.  The scour holes around pile are preserved on both upstream and 
downstream. The direction of both scour holes is changed and tends to be identical 
with the wave propagation direction. At upstream the scour hole is deeper than 3 
hours ago and the depth is -0.45 cm. At downstream the scour hole depth is -0.17 cm. 
The scour hole at upstream is larger and deeper than downstream. Vectors indicate 
that the accumulated total load direction is different compared to 3 hours ago, but 
around the pile is circular. Also, at western areas the sand is settled as 3 hours ago and 
the crest is higher. 
The state around pile no.10, 9 hours after the beginning of simulation is depicted in 
Figure 66. The scouring process is preserved in upstream and downstream area of the 
pile. The scour hole direction is identical to the wave propagation direction. A deeper 
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and steeper scour hole is created upstream. The deepest points in upstream area is -
0.31 cm. Downstream the maximum depth is -0.21 cm lower than the initial surface. 
Around pile no.10 the accumulated total load direction is circular. 
 
Figure 65: Scenario 3 - Bed Level Change around Pile no.10, 6 hours after the Beginning of Simulation 
 
Figure 66: Scenario 3 - Bed Level Change around Pile no.10, 9 hours after the Beginning of Simulation 
During the last step of simulation, i.e. 12 hours after the beginning of simulation, the 
scour holes reach their final shape. The scour hole upstream is deeper and steeper than 
3 hours ago. The accumulated total load direction is identical to 3 hours ago and around 
the pile is circular. The deepest point upstream is -2 cm lower than the initial surface. 
At downstream backfilling occurs. The scour hole located northern and eastern than 
before. Near the pile the bed level altitude shows an increase. In downstream area the 
depth is -0.6 cm. See also Figure 67. 
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Figure 67: Scenario 3 - Bed Level Change around Pile no.10, 12 hours after the Beginning of Simulation 
 
7.3.2.1 Scenario 3 – Pile No.10 – Profile Cut - Upstream 
For a better view at the upstream area of scour hole a profile cut was created as it is 
illustrated. The red line represents the cut upstream and its length is 5.3 m. See also 
Figure 68. 
 
Figure 68: Scenario 3 – Profile Cut at Upstream of the Flow on Pile no.10 
Three hours after the beginning of simulation, i.e. Time step 1 the slope is almost stable. 
The bed level shows a slight decrease at point 3. See also Group of Graphs 12. 
The upstream scouring process 6 hours after the beginning of simulation is depicted in 
Time step 2 of Group of Graphs 12. The process is more drastic than 3 hours ago and 
the bed level change at point 2 is -0.28 cm. Also, it is clear that the depth at point 3 is 
increased by 0.05 cm. Moreover, point 3 is the border between the two different states 
of scouring process and divides the hole in two areas, the inner and outer area. Between 
point 2 and 3 the slope is steeper and steady whereas in the outer area of the scour hole 
the slope is almost stable.  
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Group of Graphs 12: Scenario 3 – Pile no.10 Upstream Profile Cut 
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 Nine hours after the beginning of simulation (Time step 3) the scouring process is 
different compared to 3 hours ago. At point 1 the bed level change is almost 0 cm, 
when at point 2 the bed level change becomes -0.28 cm. Point 3 is still the border 
between the two different areas of the scour hole. The slope in the outer area of scour 
hole is not stable but shows a curve compared to 3 hours ago. See also Group of 
Graphs 12. 
Time step 4 of Group of Graphs 12 illustrates the scour hole state 12 hours after the 
beginning of simulation. Point 3 is the border of the two areas inside the scour hole. 
The scouring process in the inner area is more drastic than the outer area. The bed level 
change at point 2 is -1.95 cm, while the bed level change at point 1 is approximately 0 
cm. Point 3 is 0.75 cm lower than the initial surface. The inner slope compared to the 
outer area of the scour hole, is steady and steep. It is clear that the scouring process is 
more drastic near the pile.  
 
7.3.2.2 Scenario 3 – Pile No.10 – Profile Cut - Downstream 
An identical profile cut, as in the upstream area, is created in the downstream area. The 
blue line represents the profile cut and its length is 3.9 m. Point 1 is the boundary 
between pile and sand, point 2 is a point 3.9 m away from the pile in the wave 
propagation direction and point 3 is the crest of the bed which is created downstream 
after the scour hole. See also Figure 69. 
 
Figure 69: Scenario 3 – Profile Cut at Downstream of the Flow on Pile no.10 
Time step 1 of Group of Graphs 13 illustrates the bed level evolution downstream of 
the flow. During the 3 first hours of simulation a scour hole is created next to pile no.10. 
At point 1 the bed level fell by approximately 0.05 cm while at point 2 and 3 the bed 
level change is 0.03 cm.  
Six hours after the beginning of simulation, i.e. Time step 2, the bed level change at 
point 1 is -0.16 cm. The bed level change at point 3 is approximately 0.03 cm when at 
point 2 is -0.035 cm. Due to the bed level fall at point 1 the scour hole takes shape.  
113 
SKARLAS PANAGIOTIS 
NATIONAL TECHNICAL UNIVERSITY OF ATHENS 
M.SC. MARINE TECHNOLOGY AND SCIENCE 
M.Sc. THESIS                                                                                 IMPACT ASSESSMENT OF OFFSHORE ARTIFICIAL BARRIERS TO THE 
                                                                                                        SEDIMENTS EQUILIBRIUM USING MIKE 21/3 COUPLED MODEL FM 
 
 
 
Group of Graphs 13: Scenario 3 – Pile no.10 Downstream Profile Cut 
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 Point 3 divides the scour hole in two areas, the inner area with steep slope and the outer 
area with smoother slope. See also Group of Graphs 13. 
Nine hours after the beginning of simulation, i.e. Time step 3, the scouring process 
becomes more drastic. The bed level change at point 1 is -0.21 cm. The bed level change 
at the crest (point 3) is -0.1 cm. The slope inside the scour hole is steep while outside 
the scour hole is smoother. The bed level at point 2 is 0.08 cm lower than the initial 
surface. See also Group of Graphs 13. 
Twelve hours after the beginning of simulation, i.e. Time step 4, the scour hole does 
not exists. At downstream of the pile backfilling occurs due to the extreme sea state 
intensity. The overall bed level is increased and a shallower scour hole is created 1.5 m 
eastern from the pile. See also Group of Graphs 13. 
 
7.4 Scenario 3 - Comparison between Pile No.1 and Pile No.10 
The comparison between pile no.1 and pile no.10 is presented through the next tables. 
The bed level change for every region (upstream and downstream), point (1 to 3) and 
time step is depicted. Furthermore, the total depth of scour holes is calculated in every 
time step, region and point.  
At upstream point 2 is the boundary between the pile and the sand, point 3 is the crest 
of the scour hole and point 1 is the first point where the development of scouring begins. 
Point 3 divides the upstream scour hole in two regions (inner and outer).  
At downstream point 1 is the boundary between the pile and the sand, point 3 the crest 
and point 2 a point far away from the pile in the wave propagation direction. Point 3 
divides the scour hole in two regions (inner and outer).  
 
7.4.1 Comparison between Pile No.1 and No.10 at Upstream of the Flow 
Table 27 and Table 28 present the bed level change in upstream area of the flow until 
the end of simulation (12 hours). The bed level change at point 2 of both piles shows a 
gradual decrease in contrast with points 1 and 2 where the changes are smaller. The 
depth increase at pile no.1 is much faster than this in pile no.10. Bed level change at 
pile no.1 is greater compared to pile no.10 
Table 27: Scenario 3 - Bed Level Change at Upstream of Pile no.1 and Pile no.10 – Time step 1 and Time step 2 
Area Upstream 
Time step 3 hours 6 hours 
Points 1 3 2 1 3 2 
Pile no.1 0 cm 0.03 cm - 0.06 cm - 0.1 cm - 0.23 cm - 0.95 cm 
Pile no.10 0 cm -0.01 cm 0 cm -0.02 cm -0.02 cm - 0.29 cm 
 
Table 28: Scenario 3 - Bed Level Change at Upstream of Pile no.1 and Pile no.10 – Time step 3 and Time step 4 
Area Upstream 
Time step 9 hours 12 hours 
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Points 1 3 2 1 3 2 
Pile no.1 - 0.37 cm - 0.83 cm - 2.85 cm - 0.73 cm - 1.7 cm - 4.8 cm 
Pile no.10 - 0.02 cm - 0.08 cm - 0.31 cm - 0.08 cm - 0.79 cm - 1.99 cm 
 
The scour hole depth is depicted on Table 29. The depth is the distance between the 
higher and the deeper point inside the scour hole. It is clear that the scour hole at 
upstream of pile no.1 is deeper (4.07 cm) than this in pile no.10 (1.91 cm). The scouring 
process is more drastic in upstream of pile no.1 due to the faster decrease of the bed 
level.     
Table 29: Scenario 3 - Scour Hole Depth at Upstream of Pile no.1 and Pile no.10 
Area Upstream 
Time step 3 hours 6 hours 9 hours 12 hours 
 Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Pile no.1 0.09 cm 1.05 cm 2.48 cm 4.07 cm 
Pile no.10 0.01 cm 0.31 cm 0.29 cm 1.91 cm 
 
The length of scour holes at upstream is the distance between point 2 and the point that 
the slope is steeper than before. See also Table 30. 
Table 30: Scenario 3 - Scour Hole Length at Downstream of Pile no.1 and Pile no.10 
Area Upstream 
 Scour hole length 
Pile no.1 5 m 
Pile no.10 4.6 m 
 
The length of scour hole at upstream of pile no.1 is bigger than at pile no.10. 
Considering the total depth of scour holes, at upstream of pile no.1 the scour hole is 
deeper and longer compared to pile no.10.  
 
7.4.2 Comparison between Pile No.1 and No.10 at Downstream of the Flow 
Table 31 and Table 32 present the bed level change at downstream of the flow until the 
end of the simulation (12 hours). The bed level change at pile no.10 until the 9th hour 
of simulation follows the pattern as described in chapter__. The 12th hour of simulation 
backfilling occurs, thus the results are different than it expected. On the other hand the 
bed level change at pile no.1 follows the pattern as described in chapter 5, Figure 24.  
Table 31: Scenario 3 - Bed Level Change at Downstream of Pile no.1 and Pile no.10 – Time step 1 and Time step 2 
Area Downstream 
Time step 3 hours 6 hours 
Points 1 3 2 1 3 2 
Pile no.1 - 0.14 cm 0 cm 0 cm - 0.29 cm - 0.02 cm - 0.17 cm 
Pile no.10 - 0.07 cm 0.03 cm 0.025 cm - 0.16 cm 0.013 cm 0.018 cm 
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Table 32: Scenario 3 - Bed Level Change at Downstream of Pile no.1 and Pile no.10 – Time step 3 and Time step 4 
Area Downstream 
Time step 9 hours 12 hours 
Points 1 3 2 1 3 2 
Pile no.1 -0.64 cm - 0.26 cm - 0.71 cm - 1.08 cm - 0.61 cm - 1.39 cm 
Pile no.10 - 0.21 cm -0.1 cm -0.12 cm 0.093 cm - 0.45 cm -0.51 cm 
 
The scour hole depth is depicted on Table 33. The depth is the distance between the 
higher and the deeper point inside the scour hole. At downstream of pile no.1 the scour 
hole is deeper than this at pile no.10 during the simulation. At pile no.10 the 9th hour of 
simulation the scour hole is shallower than 3 hours ago and 12 hours after the beginning 
of simulation backfilling occurs and the scour hole depth is 0 cm.   
Table 33: Scenario 3 - Scour Hole Depth at Downstream of Pile no.1 and Pile no.10 
Area Downstream 
Time step 3 hours 6 hours 9 hours 12 hours 
 Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Scour hole 
depth 
Pile no.1 0.14 cm 0.28 cm 0.38 cm 0.47 cm 
Pile no.10 0.095 cm 0.18 cm 0.11 cm 0 cm 
 
Table 34 presents the scour hole length at downstream of both piles. Scour hole length 
is the distance between the pile and the crest, i.e. point 3, which is created at 
downstream of the scour hole or the point that the slope is smoother. Scour hole length 
at pile no.10 is calculated until the 9th hour of the simulation due to the backfilling that 
occurs.  
Table 34: Scenario 3 - Scour Hole Length at Downstream of Pile no.1 and Pile no.10 
Area Downstream 
 Scour hole length 
Pile no.1 1.9 m 
Pile no.10 2.9 m 
 
The length of scour hole at downstream of pile no.10 is bigger than at pile no.1. The 
real length of scour hole at downstream of pile no.10 is 0 m due to backfilling that 
occurs.  See also Group of Graphs 13. 
 
7.4.3 Comparison between Upstream and Downstream Scour Holes on Piles No.1 
and No.10 
The length of scour holes at upstream and downstream of the flow on pile no.1 are 5 m 
and 1.9 m, respectively. Also, the depth of scour holes at upstream and downstream of 
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the flow are 4.07 cm and 0.47 cm, respectively. The conclusion is that the scour hole 
upstream is longer and deeper than downstream.  See also Table 35.  
Table 35: Scenario 3 - Scour Hole Length at Upstream and Downstream of Pile no.1 
Area Upstream Downstream 
 Scour hole 
length 
Scour hole 
depth 
Scour hole 
length 
Scour hole 
depth 
Pile no.1 5 m 4.07 cm 1.9 m 0.47 cm 
 
The scour holes length at upstream and downstream of the flow on pile no.10 are 4.6 m 
and 2.9 m, respectively. Also, the depth of scour holes at upstream and downstream of 
the flow are 1.91 cm and 0 cm, respectively. The conclusion is that the scour hole 
upstream is longer and deeper than downstream. See also Table 36.  
Table 36: Scenario 3 - Scour Hole Length at Upstream and Downstream of Pile no.10 
Area Upstream Downstream 
 Scour hole 
length 
Scour hole 
depth 
Scour hole 
length 
Scour hole 
depth 
Pile no.10 4.6 m 1.91 cm 2.9 m 0 cm 
 
7.5 Concluding Remarks 
This Thesis is focused on sediment transport over a sea bed of a wind park, thus the 
wave characteristics changes are not the mainly object of this assessment. MIKE 21 
Coupled Model FM takes into consideration these changes in order to calculate the 
sediment transport rates.  
The local scour around each pile under combined waves and current involves an 
interaction between wave/current, pile and the surrounding sea bed. Considering 
scenario 3 results the following conclusions are drawn: 
 Οn both piles (no.1 and no.10) the scouring process on upstream is more drastic 
in all time steps than downstream, thus the scour holes are longer and deeper on 
that side of the flow.  
 Regarding the wave propagation it is clear that the wave that enters the wind 
farm from the south-eastern area (pile no.3) is not identical to the wave that 
reaches pile no.10 at the north-western of the wind park, thus the initial wave 
characteristics (Hm0, Tp., MWD) cannot be taken into consideration for pile 
no.10 analysis. Backfilling occurs due to the extreme sea state intensity change 
(high Significant Wave Height and Peak Wave Period) at downstream of pile 
no.10.  
 The scouring process around pile no.1 and no.10 is circular until the numerical 
calculations stabilized.  
 The final direction of scour holes is identical to the wave propagation direction 
regardless the accumulated total load direction.  
 The scouring depth around piles is small compared to pile’s diameter (9 m), but 
it is high compared to the overall sediment transport over the examined area  
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 A crest at upstream and downstream of each pile divides the scour hole in two 
different areas. At upstream there are two areas with different slope inside the 
scour hole. At downstream the first area is inside the scour hole but the second 
area is outside the scour hole and tends to reach the initial bed level.  
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CHAPTER 8 
CONCLUSION 
 
Sediment transport under combined wave/current involves an interaction between pile, 
wave, current and the surrounding sea bed. During the first time steps of the simulation 
process arithmetical instabilities occur, thus the results are not available until the model 
stabilized. This Thesis is focused on sediment transport over a sea bed of a wind park, 
thus the wave characteristics changes among piles are not the mainly object of this 
assessment. MIKE 21 Coupled Model FM takes into consideration these changes in 
order to calculate the sediment transport rates. The duration of each scenario depends 
on the number of numerical instabilities that occurs during the simulation process. 
Scenario 2 and 3 duration is short due to the extreme sea state intensity, i.e. extreme 
significant wave height and extreme peak wave period.  
The 3 cases results are not identical because of the different sea state intensity, but many 
similarities are observed. Considering the 3 scenarios results the following conclusion 
are drawn: 
 Sediment transport at the area among piles is not significant but is higher than 
the south – eastern area of the model where there are no wind farm. Piles 
existence do not affect the accumulated sediment transport over the examined 
area, thus the bed level remains almost identical to the initial state.  
 Accumulated total load direction is circular only around piles. Among piles the 
direction is straight and not always identical to the wave propagation direction. 
Scour hole creating direction is identical to the wave propagation direction. 
 At the first time step of the simulation process the scour hole does not created 
at an identical direction to the wave propagation direction, but slightly declines. 
 At perpendicular angles to the wave propagation direction sand is settled close 
to the pile. This phenomenon is due to the steady wave propagation direction. 
 Scour holes pattern do not follows a circular direction due to the wave direction 
propagation. In each scenario of this Thesis the wave propagation direction is 
steady thus the scour holes are created on upstream and downstream of each 
pile and not around them. In case of wave/current/tide interaction the scour hole 
tends to become circular around each pile.   
 Piles presence affect significantly the local sediment transport activity around 
each pile. Regarding the wave propagation direction a scour hole is created 
upstream and downstream of the pile. Scouring process is more drastic at 
upstream than at downstream. The upstream scour hole is larger and with 
steeper slope compared to the downstream scour hole. Moreover, the scour hole 
is deeper on upstream than on downstream.  
 The wave that enters the wind farm is not identical to that who runs out from 
the wind park due to the interaction with piles.  
 During a normal sea state intensity the scour hole size is larger around piles on 
the wind farm face that the wave enters the wind farm compared to the piles at 
the wind farm face that the wave runs out the wind farm. 
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 At upstream of each pile a small crest divides the scour hole in two areas, i.e. 
the outer and the inner scour hole area. The slope at the outer area is much 
smoother than the inner.   
 At downstream of each pile a crest is created that ‘protects’ the inner scour hole 
from backfilling. The crest altitude is always higher than the initial bed altitude. 
Sand at the outer area of crest tends to reach the initial bed surface but does not 
succeed. Downstream scour hole slope is steeper at the inner area of the scour 
hole than at the outer that tends to reach the initial bed level.   
 Backfilling at the downstream scour hole occurs due to extreme sea state 
intensity and/or extreme changes on the bathymetry. Scour hole at downstream 
is almost filled with sand. This phenomenon take place in scenario 2 and 3 due 
to the extreme sea state intensity. 
 Pile foundations are revealed due to the creating scour hole. Pile foundations 
revelation observed at upstream and/or downstream of pile, regarding each 
scenario.    
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